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The Coal-Hydrogenation Demonstration 
Plant at Louisiana, Mo. 


By J. A. MARKOVITS,! LOUISIANA, MO. 


The 200 to 300-bbl per day capacity demonstration 
plant hydrogenates coal at 700 atm pressure in two stages. 
First, coal paste is liquefied with finely divided iron cata- 
lyst at 525 atm hydrogen partial pressure, then the middle 
oil distillate is further hydrogenated in the vapor phase 
on fixed catalyst beds. The hydrogen is made by cata- 
lytic reforming of natural gas with steam. 


INTRODUCTION 


ACKGROUND information on the national liquid-fuel situa- 
B tion and status of the American synthetic-fuel research has 

already been presented by Dr. Schroeder.? The report 
mentioned Bureau of Mines demonstration-plant activities at 
Louisiana, Mo. Two plants were erected adjacent to the 
government-owned synthetic-ammonia plant: A 200 to 300-bbl 
per day capacity coal-hydrogenation plant and an 80 to 100- 
bbl per day capacity gas-synthesis plant. 

The gas-synthesis plant will not be discussed in this presenta- 
tion. For general orientation it may be mentioned that, when 
completed, it will produce synthetic fuels by the Fischer-Tropsch 
synthesis method from hydrogen and carbon-monoxide mixtures 
derived from gasification of pulverized coal with oxygen and 
superheated steam. Major component parts of this installation 
are the 1-ton per hr capacity Linde-Frankl oxygen plant, the 
pulverized-coal gasification plant, the gas-purification plant, the 
Fischer-Tropsch synthesis plant, and the product-recovery unit or 
refinery. The total plant construction is nearing completion, but 
the component parts were started up as soon as progress of the 
construction made it possible. The oxygen plant started pro- 
ducing 98 per cent pure tonnage oxygen as early as January, 1949, 
and pulverized coal was gasified in the plant with oxygen and 
superheated steam in May. Operation of the integrated plant is 
anticipated in 1950. 

The coal-bydrogenation-plant construction was completed in 
January, 1949, but partial test runs were under way by Nov- 
ember, 1948. The plant produced the first synthetic liquid fuels 
from lignite derivatives in April, 1949. In this presentation the 
process will be described as it is practiced in the demonstration 
plant. Details of conventional procedures will have to be omitted 
for brevity. 

The plant was designed and built by the Bechtel Corporation of 
San Francisco, Calif., under technical direction and supervision of 
the Bureau of Mines. In the plant, 10,000 psi operating pres- 
sures are combined with temperatures up to 1000 F, and the ma- 
terials to be processed at these conditions range from gases to 
mixtures of viscous liquids containing high percentages of abra- 
sive solid particles. These service conditions presented many un- 


1 Assistant Chief, Coal-to-Oil Demonstration Branch, Office of 
Synthetic Liquid Fuels, Bureau of Mines. is : 

2 “Synthetic Liquid Fuels in the United States, by W. C. Schroe- 
der, Mechanical Engineering, vol. 69, 1947, pp. 989-995. 

Contributed by the Petroleum Division and presented at the 
Petroleum Mechanical Engineering Conference, Oklahoma City, 
Okla., October 2-5, 1949, of Tur American Socipry or MucuanicaL 
ENGINEERS. , 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—PET-3. 


usual engineering problems. Coal has been hydrogenated in 
Germany on a rather extensive scale for the past 20 years, but the 
process was new in the United States. Few items were commer- 
cially available for the chosen process. Where there was a choice 
between importing equipment from Germany or building it here, 
the latter was done. It was the hard way, but it was considered 
desirable to acquire design “know-how” and to give American 
manufacturers an idea of the basic requirements for the design of 
future commercial-size plants. Within the limitations of the proj- 
ect the equipment was chosen and sized so that the results of 
operations would be representative of those expected in modern 
full-scale hydrogenation plants, 


THE Process 


Coal and petroleum differ in appearance but are similar in 
chemical composition. The main constituents of both are carbon 
and hydrogen, although the carbon:hydrogen ratio, the arrange- 
ment of the atoms in the molecule, and the molecular weights are 
different. In addition, coal contains more oxygen, nitrogen, 
sulphur, and mineral impurities or ash. To convert coal into 
gasoline the carbon and hydrogen atoms have to be rearranged, 
the hydrogen: carbon ratio must be approximately doubled, and 
the ash has to be removed. 

In the demonstration plant all this is done at the 700-atm pres- 
sure level and in two stages. In liquid-phase hydrogenation a 
pulverized coal-oil paste is liquefied with hydrogen at elevated 
temperatures in the presence of a finely divided catalyst, such as 
iron oxide. In the vapor phase the middle-oil cut of the liquefied 
coal, which boils below 625 F, is converted into gasoline and by- 
products with hydrogen over a solid bed of catalyst containing 
tungsten or molybdenum. Fig. 1 is a simplified flow diagram and 
shows the two main steps in proper relation to the necessary 
auxiliary operations. 

The raw coal is first crushed to minus 3/,-in. size, then pulver- 
ized to minus 60 mesh in a ball mill and dried to 1 or 2 per cent 
moisture content by a gas-fired recirculating drier. The pul- 
verized coal is mixed with a small quantity of catalyst, such as 
iron oxide or tin oxalate and with heavy oil, previously obtained 
from the liquid-phase process into a paste, containing approxi- 
mately 47 per cent solids. 

The viscous paste is injected into the paste preheater by steam- 
driven plunger pumps working at 10,000 psi. The preheater is of 
modified radiant type, in which the high-pressure tubing is pro- 
tected by a superheated-steam jacket. Before the paste enters 
the preheater, a small volume of hydrogen is injected to reduce 
the viscosity. The mixture is then heated in the first section to 
about 570 F. At this stage, additional hot hydrogen and recycle 
heavy oil are added to jump the temperature to the 640 F level, 
circumventing coal-swelling difficulties that would occur around 
600 F. After passing through the remainder of the preheater, the 
mixture leaves at about 815 F and passes into the first of two con- 
verters. For 95 per cent conversion of the coal to liquid and 
gaseous products, the residence time is approximately 1 hr. The 
reaction is highly exothermic, and to maintain the reaction tem- 
perature at 930 F, cooling hydrogen is added to the converters in 
controlled amounts at different points. 

After the second converter, the reacted products enter the 
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“hot catchpot,’’ where the hydrogen and light ends separate from 
the solid-containing heavy-oil fraction. “Letting down” the 
heavy oil to near atmospheric pressure is the next step. This is 
extremely difficult, because the hot liquid contains large quanti- 
ties of absorbed gases and up to 30 per cent of abrasive solids. 
The heavy-oil letdown valve, therefore, is considered one of the 
critical pieces of equipment and will be described in detail in a 
companion paper. 

Two methods are provided for removing ash, catalyst, and un- 
reacted coal from the heavy-oil letdown (HOLD). The first is a 
flash distillation unit (see Fig. 2), consisting mainly of a gas-fired 
heater for superheating steam to 1100 F, and a flash tower with 
high-velocity nozzles for instantaneous mixing of the hot steam 
and HOLD. The resulting mixture is quenched with saturated 
steam to prevent coking in the flash tower, which is 5 ft diam and 
15 ft in height. Residue is withdrawn by steam-driven pumps 
and injected into a water-spray chamber for quenching. It is ex- 
pected that the pitch will be hard and suitable for fuel; if not, 
other methods will be studied for the utilization of this waste 
product. The vapors from the flash tower pass to a quench tower 
and are cooled with oil of controlled temperature, to prevent con- 
gealing in the vessel. The recovered heavy oil is used in the 
pasting-oil cycle. 

The alternate method consists of a Bird and a Sharples cen- 
trifuge, with facilities for blending and diluting the feed as well as 
for temperature control on the inlet and jacketed drums and for 
collecting the filtrate and residue. The filtrate is used in the 
pasting-oil cycle and the residue burned or otherwise disposed 
of. 

The gases and vapors leaving the top of the hot catchpot are 
cooled in a heat-exchanger and water-cooler system from about 


Rich Ges 


Leon Gas 
To Fuel 


Process-Frow DiacRaAM or CoaL-HyDROGENATION DEMONSTRATION PLANT 


850 F to 150 F, and the condensed liquid and vapor are separated 
in the “‘cold catchpot.”’ The gas from the cold catchpot, contain- 
ing about 70 per cent hydrogen, is washed with water at full 
operating pressure for the removal of NH;, H.S, and water- 
soluble salts and is scrubbed with oil obtained in the liquid-phase 
distillation unit to separate the light hydrocarbons. After this 
purification, the hydrogen stream is recycled through the system 
with fresh make-up hydrogen. The liquid products from the cold 
catchpot and from the wash-oil scrubber go through let-down 
systems, where the pressure is reduced in two steps, first to 25 and 
then to 7 atm, and are then charged to the liquid-phase distilla- 
tion unit. This two-step letdown facilitates economical separa- 
tion of the C; and Cy rich tail gases from the liquefied petroleum 
gases. 

The bottoms from the liquid-phase distillation unit join the 
pasting-oil stream. Gasoline, naphtha, and middle-oil cuts are 
separated to establish weight relations and to prepare, by blend- 
ing, after the separation of the washing oil, a feed stock of uniform 
composition for the vapor-phase hydrogenation. This stock is 
combined with a nearly equal amount of vapor-phase recycle 
middle oil and saturated with H.S or with sulphur for the vapor- 
phase-hydrogenation step. The addition of some form of sul- 
phur is necessary to preserve the activity of the vapor-phase 
catalyst. 

The vapor-phase injection pumps, working at 10,000 psi, feed 
the charge, to which hydrogen is added, through a feed-product 
exchanger and a radiant-type vapor-phase preheater. The 
stream leaves the preheater at around 850 F completely vapor- 
ized. This vapor enters a single converter containing six fixed- 
catalyst beds. The catalyst is fuller’s earth, treated with hydro- 
fluoric acid and impregnated with compounds of zine, molyb- 


“So EES 


351 


¥ 


MARKOVITS—COAL-HYDROGENATION DEMONSTRATION PLANT AT LOUISIANA, MO. 


oss 


_ 


Fic. 2 Heavy Om Lerpown Fuasn DIstituatTion 


denum, chromium, and sulphur. The catalyst is very rugged and sure the CQ, is scrubbed out with water. After the 7th stage, 


at 700 atm performs the triple duty of the former German satura- 
tion, splitting, and dehydrogenation operations. The reaction is 
quite sensitive to temperature variations, and recirculated cool- 
ing hydrogen is added at every catalyst bed to keep the tempera- 
ture between the 912 and 930 F operating limits. After the 
reaction is balanced, the feed-product exchanger provides most 
of the heat necessary, and the duty of the preheater becomes 
negligible. 

The products then pass through a cooler and a cold catchpot, 
where the condensed oil and hydrogen are separated. The 
hydrogen is returned to the circulating compressors, and the 
liquid passes through a two-step letdown system to the vapor- 
phase distillation unit. The primary purpose of this unit is to 
separate the finished product from the recycle oil. Since conver- 
sion in the vapor-phase hydrogenation unit generally varies 
between 40 and 60 per cent, the distillation unit makes about 40 
to 60 per cent bottoms, which are recirculated to the vapor-phase 
hydrogenation system; the overhead is stabilized to a 10-lb 
RVP gasoline, washed with caustic and water, and sent to final 
storage. Tail gases pass through an absorber before being used 
for fuel. Ammonia, CO,, and H.S liquors are treated with 
sulphuric acid before going to the sewer, and the recovered H,S 
is utilized to saturate the vapor-phase charge. 

Make-up hydrogen of about 11 per cent by weight of the 
moisture- and ash-free coal is furnished from the former Missouri 
Ordnance Works’ natural-gas reformer, scrubber, and compressor 
system. Here natural gas is cracked with steam at 1700 F, and 
the resulting Hz and CO are shifted with more steam at 800 F to 
Hy and CQ2. The mixture is stored in a 300,000-cu-ft gas holder 
and compressed through three stages of a 7-stage 210,000-cu-ft 
per hr capacity compressor to 450 psi (see Fig. 3), at which pres- 


around 11,000 psi, the remaining CO is changed by catalytic 
reaction into methane and water. The resulting 95 per cent 
pure hydrogen is ready for injection into the gas-circulating 
system. 

The recirculating compressors shown in Fig. 4 provide the large 
excess of hydrogen necessary to keep the partial pressure of the 
system at 525 atm. Approximately 250 standard cu ft of recycle 
gas is circulated for each gallon of paste. The reaction is highly 
exothermic, and the circulating gas must be kept cold for tempera- 
ture control. Failure of the gas-recycle system would result in 
coking up of the converters, runaway temperatures, and disaster. 
So important is this function, that the circulating gas is called 
the ‘bloodstream of the process.’? One steam-driven and one 
motor-driven recycle compressor are operated continuously for 
each hydrogenation phase at half load, so that in case of failure 
of any unit, the other would immediately pick up the whole load. 
The units are single-stage double-acting reciprocating compres- 
sors and are designed to maintain a pressure differential of 750 psi 
with a 450,000 standard cu ft per hr output. 


Piant EQUIPMENT 


The facilities required to carry out the operations described 
can be subdivided into the following groups: 


8 Vapor-phase hydrogenation. 
9 Vapor-phase distillation 


Coal preparation. 

Paste preparation. 

Hydrogen manufacture. 10 Ash removal. 

Hydrogen compression and puri- 11 Heavy-oil blending. 
fication 12 Gas recovery. 

5 Gas recycle and scrubbing. 13 Storage and transfer. 

6 Liquid-phase hydrogenation. 14 Instruments. 

7  Liquid-phase distillation. 15 Auxiliaries 
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Fig. 4 Circutatinc HypRoGEN COMPRESSORS 


Detailed discussion of the foregoing groups will be omitted; 
and only a few comments will be offered, where necessary, to aug- 
ment the process description. Thorough analyses of the more 
difficult coal-hydrogenation-equipment problems are given in 
companion papers elsewhere in this issue. 

The coal-preparation plant was designed and furnished by 
Roberts & Schaefer Company, Chicago, Ill. It consists of track 
hopper, plate feeder, scraper conveyer, primary crusher, crushed- 
coal storage bin, feeder, gas-swept ball mill, gas-fired flue-gas 
heater, cyclones, fans, and water tumbler. It will pulverize and 
dry 10 tons per hr to 99 per cent minus 60 mesh, 85 per cent plus 
200 mesh, 10 to 2 per cent moisture. Coal washing was elimi- 
nated from the original plans but may be added later if necessary. 

The paste-preparation unit consists of a pulverized-coal stor- 
age bin, weighing feeder, paste mixer, paste storage tank, and 
facilities for mixing and adding measured quantities of dry or 
wet catalyst. 

Paste is kept above 210 F and is circulated by Moyno pumps 
past the suction intake of the high-pressure injection pumps. 


Although all lines and containers are steam-jacketed, viscosities 
as high as 1300 centipoises are encountered at this temperature. 
Coal and paste-preparation plants are shown in Fig. 5. 

Hydrogen manufacturing, compression, purification, gas- 
recycle, and scrubbing facilities were described with the process. 
The technique employed and equipment used are adaptations of 
the Hercules Powder Company’s 15,000-psi ammonia-synthesis 
practice. Make-up compressors and recycle-gas circulators were 
furnished by Ingersoll-Rand. The metallic packings used are 
quite satisfactory for these services. 

The liquid and vapor-phase hydrogenation units are com- 
pletely new in American industry. The high-pressure vessels, 
preheaters, exchangers and coolers, tubing, flanging, valves and 
instrumentation are subjects covered by companion papers. 

The severe service conditions of the coal-paste injection pumps 
place them in the critical category. The paste has a viscosity of 
4750 centipoises at the 200 F pumping temperature and 10,300 
psig discharge pressure. The pumps are Union Steam Pump 
Co., 250-lb steam-driven, double-acting, duplex, forged-steel 
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CoAL-AND-PASTE PREPARATION PLANT 


plunger pumps, working at 50 psi suction and 10,300 psi discharge 
pressure. With 24-in. < 23/,-in. bore and 18-in. stroke, capacity 
is 25 gpm at 14.6 rpm, and the developed hydraulic horsepower 
is 150. Application of this time-proved direct pumping method 
is a promising deviation from the oil-driven hydraulic pumps 
used previously, Oil, naphtha, and water-injection pumps are 
similar to the paste-charge pumps, except that the service con- 
ditions are not quite so severe. The heavy-oil recycle pump is a 
steam-driven plunger-type surge pump. It returns hot bottoms 
to the preheater at 750 F and 10,000 psi pressure. The pump is 
separated from the hot valve block, and cold, clean flushing oil is 
the surge medium. An Aldrich-Groff 40-hp motor-driven, verti- 
cal-triplex, variable-stroke injection pump is used in flushing-oil 
service, mainly to determine its adaptability for this type of work. 
This pump has Teflon packing. The Union Steam pump plunger 
packings were furnished by Garlock and have four Neoprene- 
impregnated chevron rings. The 8-in-deep stuffing box, as well 
as the steam end, is oil-lubricated. It is felt that a lot will have 
to be learned by experience about high-pressure seals at the given 
operating conditions before the problem can be considered solved. 

The most troublesome problem of the ash-removal and heavy- 
oil-blending steps is viscosity and settling of solids. Lines and 
pumps are steam-jacketed; tanks are equipped with heaters and 
mixing devices. An elaborate flushing-oil system is provided for 
these and other parts of the plant to eliminate plugging during 
shutdown periods. 
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The liquid-phase distillation, vapor-phase distillation, gas- 
recovery, and liquor-treatment units are shown in Fig. 6. Gas 
recovery consists essentially of an oil absorber to recover enough 
butane to provide vapor-pressure control in the finished gasoline. 
No provisions are made for total C;, Cy recovery, and after ana- 
lyzing the different gas streams most of the LPG will be burned 
with the fuel gas. The stripper serves both the gas-recovery 
rich-oil stream and the high-pressure wash-oil scrubber stream. 
All distillation equipment, such as bubble towers, heating ele- 
ments, pumps, exchangers, instrumentation, etc., are similar to 
conventional low-pressure refinery-type installations. 

Complete storage, transfer, and loading facilities are provided 
to hold and handle 30 days’ production. Steam, plant water, 
natural gas, and electricity are provided from the former Missouri 
Ordnance Works. The total connected power demand of the plant, 
including hydrogen generation and compression, is less than 4000 
kw. Process and power steam requirement is about 100,000 
lb per hr. Auxiliary facilities include elaborate high- and low- 
pressure flushing-oil and inert-gas purging systems, a tail-gas 
collecting system, and a vent and emergency letdown system 
with a burning pit. Fig. 7 shows the coal-hydrogenation unit 
from the converter side. 

During plant construction it was found that neither the aver- 
age American manufacturer nor the construction forces realized 
fully the severity of the service in a coal-hydrogenation plant. 
After the design was completed in painstaking detail and reasona- 
bly severe specifications were drawn, repeated difficulties were 
experienced with their enforcement. The importance of careful 
supervision, inspection, and testing during every step of the fabri- 
cation and installation became evident. Standards of excellence, 
applicable up to 2500-psi service conditions, were not necessarily 
good enough for 10,000-psi work. In numerous instances flaws 
in materials and unsatisfactory workmanship were not brought 
to light until after shop tests, or even after delivery to the job 
site. One of the companion presentations discusses these prob- 
lems in detail. 

It became evident at an early stage that the demonstration- 
plant program is really fulfilling its main functions. During the 
construction and break-in periods, many process and design 1m- 
provements were developed. In addition, manufacturers gained 
considerable knowledge in high-pressure design and fabrication 
methods—a long step toward preparing them for building full- 
scale plant equipment. 
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OPERATION OF AN INTEGRATED PLANT 


The second phase of the work is under way. It is the demon- 
stration of the operation of an integrated plant, producing syn- 
thetic liquid fuels from coal. During this period, operating data 
are collected, analyzed, and interpreted to determine the effects 
of operating variables upon the processes and products. This 
will point the way to further improvements and refinements. 
More detailed studies will then be made of the economies of the 
process to determine the cost of products and the investment re- 
quired for commercial-scale operations. 

Finally, engineers and operators are being trained in the re- 
quired skills of the new industry, and reports will be written for 
the purpose of disseminating all the technical and economic in- 
formation developed in the demonstration-plant program. 
Thus the road toward an economically sound synthetic-fuel 
industry must lead through the actual construction, opera- 
tion, and improvement of demonstration and commercial-size 
plants. 


CONCLUSION 


In conclusion, it should be mentioned that this paper was pre- 
pared in the spring of 1949. Subsequent developments in the 
coal-hydrogenation demonstration plant will probably be dis- 
cussed in several publications. It seems advisable though to 
bring the six papers of this symposium up to date with a short 
reference to the two completed hydrogenation runs. 

The first 10,000-psi vapor-phase hydrogenation run in America 
was conducted in April, first using a petroleum-crude charging 
stock, and, thereafter, hydrogenating low-temperature lignite tar 
oil, mainly into gasoline and Diesel fuel. The actual hydrogena- 
tion period lasted 9 days. At the May dedication of the demon- 
stration plants, part of the Diesel oil produced was used on a 200- 
mile trial run in a Diesel-electric locomotive hauling a loaded 8-car 
passenger train from St. Louis to Louisiana and back. Since 
May all plant passenger autos, trucks and cranes, altogether 55 
vehicles, have been operated on synthetic gasoline made in this 
operation. 

During the summer all equipment was tested and prepared 
for the next operation. 

The first liquid-phase hydrogenation break-in run was started 
on October 12, 1949, and terminated on December 2. High- 
temperature coal-tar oil was first circulated through the system 
at reduced temperatures, then hydrogenated. On November 25, 
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a paste was introduced containing 25 per cent of Rock Springs, country, and the work was conducted with inexperienced oper- 

Wyoming coal. Hydrogenated products from both charging ators ina brand new plant containing untried equipment and 

stocks were nearly identical and consisted mainly of naphtha and experimental instruments; hence, the run was considered highly 

middle oil suitable for vapor-phase hydrogenation stock. successful. All objectives of both the vapor- and liquid-phase 
Hydrogenation at 700 atm was never before attempted in this hydrogenations were achieved. 


» 


The converters have to be built to resist 10,000 psi pres- 
sure and 1000 F temperature, complicated by hydrogen 
attack and HS corrosion. The three different designs 
proposed by American manufacturers are compared, and 
| the vessels accepted for the plant are described in detail. 
| The German spirally wound construction is discussed, 
and its expected advantages are enumerated. 


INTRODUCTION 


RESSURES up to 15,000 psi have been used commercially in 

the synthesis of anhydrous ammonia and there is evidence of 

higher pressures applied for limited industrial production of 
plastics. These ranges, however, are unusual in American indus- 
try. Hydrogenation of coal combines working pressures of 10,300 
psi with temperatures of 1000 F. The steels used must resist at- 
tack by high partial pressures of hydrogen and the corrosive ef- 
fect of 1 per cent by weight of hydrogen sulphide, besides retaining 
adequate strength at elevated temperatures. 

The 200-bbl per day demonstration plant required reaction 
vessels of 32 in. ID X 39 ft 1'/2 in. length. The vessels were 
sized to provide adequate residence time, proper space velocity, 
and complete accessibility upon removal of the top and bottom 
heads. To utilize a low-alloy steel it was desirable to keep the 
shell temperature as low as 500 F. This was accomplished by 
providing a 3-in-thick asbestos-cement liner separating the re- 
action space from the shell. 


CoMPARISON OF PROPOSED DESIGNS 


Manufacturers of high-pressure vessels proposed three different 
types of construction for this service as follows: 


A A laminated wall of perforated carbon-steel plates with a 
12 per cent chrome-alloy liner. 

BA two-layer compound cylinder with a perforated carbon- 
moly jacket over a 3 per cent chrome grooved inner shell. 

C Asimple cylinder or solid wall forging of 3 per cent chrome. 


Table 1 gives a comparison of the salient features of each de- 
sign, and Figs. 1, 2, and 3 show the analysis of wall stresses as 
computed by the Lamé formula, stipulated by the API-ASME 
Code for vessels having wall thickness greater than 10 per cent of 
the inside diameter. 

The laminated construction had many points in its favor, in- 
cluding the low-cost carbon steel, the close control of the wall ma- 
terial (insuring homogeneous construction), elimination of waste 
inherent in forging operations, and uniform stress distribution 
through the entire wall as shown in Fig. 1. On the other hand, 
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High-Pressure Vessels in Coal- 
Hydrogenation Service 


By J. T. DONOVAN,! M. JOSENHANS,? ano J. A. MARKOVITS? 


TABLE 1 VESSEL COMPARISONS 
A B Cc 
Wall thickness, in......... 101/2 ils 83/4 
Shell construction........ Laminated Forged compound Solid forged 
1/4-in. plates cylinder 
Type:of-stéelWitc.. .).8 i. Carbon steel 5-in.innershell- 3% chrome 
3% Cr 6-in. 
jacket-carbon 
moly 
Maximum shell working 
SUNCSS;° DSI seeks ee renee 17940 21460 25000 
Ultimate tensile stress, psi. 75000 90000 100000 
Yield stress, psi.......... 45000 50000 55000 
Safety factor (based on ul- 
timate tensile strength). 4 4 4 
Vessel weight, lb.......... 312000 285000 180000 
Vessel price, dollars....... 79876 88350 62600 
Price per lb, cents......... 25.6 31 34.8 


the built-up ends, where the solid flange is welded to the laminated 
wall section, gave certain fabrication difficulties that caused un- 
desirable increase in both weight and cost. 

The compound cylinder construction, similar to that used on 
large-caliber gun barrels, was considered an excellent and time- 
proved design for operation at high pressure. However, the close 
machining inherent in this method of fabrication, in addition to 
the 1/2 in. heavier wall, resulted in the most expensive unit. This 
design required perforation of the pervious jacket and machining 
of grooves on the outer surface of the inner cylinder to permit the 
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uniform release of the hydrogen, which diffuses through the alloy 
layer. These operations also contributed to the higher costs. 

Referring again to Table 1, it is apparent that the solid-forged 
construction has the most points in its favor—it is lightest and 
lowest in cost; it combines the best physical and noncorrosive 
properties in one material. 
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Fic. 3 WALL STRESSES OF SOLID FoRGING 


DEMONSTRATION-PLANT HIGH-PRESSURE VESSELS 


The final design of these units furnished by the Midvale 
Company of Philadelphia, Pa., is as follows: 

Liquid-Phase Converters. These vessels, shown in Fig. 4, are 
alloy-steel forgings, 32 in. ID X 49/2. in. OD X 39 ft 11/2 in. 
length, face to face of end flanges, with the ends flanged out to 61 
in. OD. The heads are flat steel forgings, 21!/2 in. thick X 57 in. 
diam, provided with the necessary openings for the entry of the 
coal paste and hydrogen, and the exit of the products of reaction. 
There are no openings in the converter shell. The shell steel has 
3 per cent chrome with 0.65 per cent nickel, 0.30 per cent molyb- 
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denum, and 0.25 per cent carbon, an ultimate tensile strength of 
100,000 psi, and an elastic limit of 55,000 psi. 

Past experience has shown that a minimum of 3 per cent chro- 
mium is desirable to resist penetration of hydrogen and the corrosive 
effect of H.S at 500 F and 10,000 psi. The other constituents are 
necessary for adequate strength in an 8°/,-in-thick converter wall, 
where the thickness is based on working unit stress of one fourth 
of the ultimate tensile strength at the shell temperature as re- 
quired by the API-ASME Code. All vessels were tested hydro- 
statically to 1!/2 times the operating pressure. 

The converter heads are subjected to more severe temperature 
conditions; consequently, it was decided to use a slightly higher 
content of the same alloying elements, with heat-treatment to 
provide approximately the same physical properties. The head 
steel is 4 to 6 per cent chrome with 1 to 1.25 per cent nickel, and 
0.40 to 0.80 per cent molybdenum. The head studs, of which 
there are 12 in each head on a 451/>-in-diam bolt circle, are 53/4 
in. diam, of SAE-4340, with an ultimate tensile strength of 120,000 
psi and an elastic limit of 90,000 psi. 
4140, with an ultimate tensile strength of 100,000 psi and an 
elastic limit of 70,000 psi. The shell proper weighs about 80 tons, 
each head about 7!/2 tons, and the assembled converter, with in- 
ternals, about 105 tons. 

In determining the required head thickness the problem was 
approached by assuming a head thickness of 18 in. and substitut- 
ing this value in Roarks’ formulas* for determining tension 
stresses in flat bolted cover plates 


6 3w a To o 
y= sien + (m+ ae —(m—1) (2:) | 


4 Roarks’ Formulas for Stress and Strain, p. 188. 


The stud nuts are of SAH- | | 


oh, ; 
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where 
bolt cirele di er 
oe 20. Rin = circle diameter 
?4 
ket ¢ di er 
Bee Goe ty a gasket contact diameter 


2 


w = 8,960,000 lb = total force on head from internal pressure 
t = 18 in. head thickness 
m = 3, reciprocal of Poisson’s ratio 


Then 
22.75 ) 
” 16.625 


3 X 8,960,000 
S, = ax 000.000 +4 (x 
16.6252 
AWN 227152 
S, = 17,500 psi (without holes) 


2x X 3 X 324 

This stress was then checked by using the API-ASME Code 
formula stipulated in paragraph W-316. 

In an 18-in-thick head this gives a value of 19,500 psi (without 
holes). 

The thickness was then analyzed, taking into consideration the 
weakening effect of the large centrally located hole in the head. 

Using formula® 


S, = allowable tensile stress at outer edge of hole = 25,000 psi 

W = total force from internal pressure = 8,960,000 lb 

1.25 (derived from graph on ratio of bolt circle to gasket 
circle radii) 


Soe 
Ss 
ll 


then ¢ becomes 21.2 in. 

It was decided to use a thickness of 21!/2 in. owing to possible 
higher temperatures which might occur on heads, and to reduce 
the elastic strain which might result in undesirable gasket ac- 
tion. 

The bolts were sized in the conventional manner, based on a 
working load of 8,960,000 lb, which resulted in a working stress 
for the twelve 5/,-in-diam studs of 30,500 psi, or about one third 
of the elastic limit. 

The asbestos-cement lining for the converter shell is mixed in 
the proportion of 1:1:1 by volume of granulated asbestos, quick- 
setting Portland cement and water. The mixture is poured and 
tamped in sections in the annular space between the shell and the 
basket. The basket is stainless-steel, ASTM-A240-347, and has a 
reaction space of about 110 cu ft. This steel was chosen for its 
good hydrogen and corrosive-gas resistance at temperatures up 
to 1000 F. The basket is 251/. in. ID with !/.-in-thick wall, per- 
forated with 5/,.-in-diam holes on 3-in. centers for pressure equali- 
zation. 

The heads of the converter are insulated on the inside with 12 
in. of asbestos cement and are sealed to the flanged ends by an- 
nealed SAE-1020 steel gaskets. The self-sealing gasket shown in 
Fig. 5 is of triangular cross section. The 33.250-in-ID gasket fits 
into 0.35-in-deep grooves in head and shell flange. About 0.002- 
in. copper plating was added to the polished gasket faces which 
improved the seal considerably by eliminating the galling of con- 
tact surfaces during fluctuation in pressure. The initial seal is 
created on opposite tips of the gasket by the bolting force. The 


5 “Stress and Deformation in Flat Circular Cylinder Heads,” by 
Gilbert Dudley Fish, Trans. ASME, vol. 43, 1921, p. 615, No. 1805. 


gasket becomes deformed after internal pressure is applied as 
shown by dotted lines in Fig. 5. Sealing actually takes place 
along faces marked a and b in the cross section. The soft-iron 
gasket is of small cross section and the internal pressure forces the 
entire gasket to expand in diameter when the pressure forces 
the bolted head away from the shell. At this writing it is still 
controversial how often a gasket can be re-used. 

Temperature measurement within the converter is taken 
through a centrally located 40-ft-long, 2-in-OD, 7/s-in-ID seam- 
less-steel pyrometer tube. This tube, held in place by several 
steel spiders, has a closed bottom and is designed to withstand an 
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external pressure of 10,300 psi at 1000 F. Inside the tube is a 
1/s-in. schedule-40 pipe of ASTM-A276-304 stainless steel, to 
which are attached six thermocouple elements on 6-ft centers. 
These elements transmit the temperatures at the various levels to 
a recording instrument located in the instrument house. 

Vapor-Phase Converter. The vapor-phase converter, shown in 
Fig. 6, is identical with the liquid-phase converter in dimensions 
and composition of shell and heads. The inner insulation is also 
the same, except that the liner is !/;s-in. perforated stainless steel. 
The insulation is recessed for the */;-in. cooling hydrogen lines, so 
that the space inside of the insulation is unobstructed for the in- 
sertion and removal of the catalyst basket. 

The removable catalyst basket, shown in detail in Fig. 6, is 24 
in. ID, 36 ft 4/, in. long, and made of 3/s-in. ASTM-A240-347 
stainless-steel plate. Both top and bottom ends are bell-shaped 
and bolted to the body of the basket. Pressure equalization be- 
tween basket and shell is obtained by holes in the top bell. The 
catalyst space of about 100 cu ft in the basket is subdivided into 
six compartments by perforated grids covered by a wire screen to 
support the 10-mm-diam X 10-mm-long pelleted catalyst. The 
grids are so constructed that they also serve as a gas-distribution 
chamber for uniform distribution of the hydrogen supplied to the 
bottom of each grid by separate */s-in. supply lines through the 
top head. 

The pyrometer tube is similar to that in the liquid-phase con- 
verter, except that inside of the 2-in-OD pyrometer tube there is 
a 3/;-in-diam solid rod which carries 12 thermoelements for 
measuring the temperature at two points in each of the six cata- 
lyst chambers. The pyrometer tube is enclosed in a shielding 
pipe, permitting removal of the tube without disturbing the 
catalyst. The shield is closed at the bottom and made of ASTM- 
A240-347, schedule-160 pipe. 

Hot Catchpot. This vessel receives the products of reaction 
from the liquid-phase converters. The heavy oil is drawn off at 
the bottom, while gases and vapors leave through the top of the 
hot catchpot. The general construction and dimensions shown in 
Fig. 7, as well as the materials of construction, are the same as for 


360 ; TRANSACTIONS OF THE ASME 


PRESSURE GUAGE 


ANNON PLUG FOR CONNECTING 
THERMOCOUPLE WIRES TO 
RECORDING TEMPERATURE 


VAPOR PHASE FEED 


CONTROLLER 


| 
| | 
COOLING He IN 
| TO_TEMP PT, 
GRID 2 


GRID sig ia) 


COOLING He IN 
I 1TO TEMP P 


0 TEMP PT | 
GRIDS ___ 


COOLING HYDROGENL ee 
INTRODUCED IN 
BOTTOM. OF FIVE ' y 
eee oS aE 321. x 49h OD. x 
Crean aces 30-11" SHELL 
JERS é 


-——— 
=n 
U/ 


Fic. 6 Vapor-PHASE CONVERTER INTERNALS 


the liquid-phase converter, except that the shell is 25 ft 51/2 in. 
face to face of end flanges. The liquid inlet pipe extends down- 
ward through the top head a distance of 13 ft 6 in. The normal 
level of the liquid is about 5 ft above the bottom, while the liquid 
outlet pipe projects upward through the center of the bottom 
head to a height of 4 ft. To prevent settling of solids and coking 
at the bottom, a 1/»-in. size perforated, schedule-40 pipe bent to a 
231/,-in-diam ring is provided a few inches above the bottom for 
agitating and cooling the liquid with hydrogen. 

Measuring and regulating the liquid level in the hot catchpot is 
a:very important but troublesome operating function; and, in an 
attempt to make it foolproof, various methods were provided and 
are expected to work simultaneously. These methods are de- 
scribed in a companion paper on instrumentation. 


The temperature of the hot-catchpot contents is observed by — 


pyrometer readings. The pyrometer tube extends upward from 
the bottom about 2 ft above the normal liquid level. The thermo- 
elements are spaced 12 in. on centers with at least two elements in 
the vapor space. 

Cold Catchpots.. Fig. 8 shows an assembly of these vessels. 
They are 24 in. ID, 374/, in. OD, and 16 ft 113/, in. inside length. 
They are flanged at the top to 47 in. OD and tapered at the bot- 
tom to a 2-in-diam liquid outlet. The top head is 45 in. OD, and 
187/s in. thick, and is provided with product inlet and gas outlet 
openings. The 2!/:-in-diam product inlet pipe extends 2 ft be- 
low the head, where it is divided into two 11/,-in-diam pipes, ter- 
minating in */s-in. X 17/s-in. rectangular outlets, discharging 
downward at 15 F, and tangentially along the inner surface of 
the shell. This arrangement will provide efficient separation of 
gases from liquids without foaming. At the elevation of the im- 
pinging stream, the vessel is lined with an interchangeable carbon- 
steel wear cylinder, 2 ft long X 3/s-in. wall thickness, The shell 
analysis is 2.50 to 3.25 per cent nickel, 0.75 per cent chro- 
mium, and 0.30 to 0.40 per cent molybdenum, and has an ultimate 
tensile strength of 100,000 psi and an elastic limit of 55,000 psi. 
The heads are carbon steel, and the head studs, nuts, and gaskets 
are the same as for the converters and the hot catchpot. 

Since the normal operating temperatures are low, 150 F for the 
liquid phase, and 80 F for the vapor phase, the cold catchpots are 
neither insulated nor lined on the inside. For the same reason, 
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the shell steel contains only enough alloy metals to meet the re- 
quired physical properties. The normal liquid level in the cold 
catchpot is 7 ft 8°/s in. above the bottom outlet flange. 

Compressor Suction Traps. These vessels, also shown in Fig. 8, 
are installed in the recycle gas-compressor suction lines from the 
cold catchpots, to trap the moisture from the gas before it reaches 
the compressors. They are identical with the cold catchpots. 

Wash-Oil Scrubber. The wash-oil scrubber is installed in the 
liquid-phase recycle gas-suction line between the cold catchpot 
and the compressor suction trap. The purpose of the scrubber is 
to wash out the hydrocarbons and impurities from the gaseous 
products of hydrogenation in order to maintain the partial pres- 
sure of hydrogen in the recycle gas at a minimum of 80 per cent. 
The scrubber is packed with 1!/:-in. X 11/.-in. steel Raschig 
rings. — 

The design conditions are similar to those for the cold catchpot, 
10,300 psi at 120 F. In details of the shell, heads, and closures, 
materials of construction and general dimensions, the scrubber is 
identical with the cold catchpot, except that it is much longer, 
being 41 ft 71/, in. over-all. Like the cold catchpot, it is tapered 
at the bottom from 24 in. ID in the body to a 2-in-diam bottom 
outlet. The wash-oil inlet pipe through the top head extends 
down 6 ft to a perforated-steel distribution plate, below which is a 
packing space 28 ft 8 in. deep. The steel Raschig-ring packing is 
supported by a steel grate 3 ft 23/s in. above the bottom head 
flange. The gas-inlet pipe extends up from the bottom to a point 
just below the packing grate and is surmounted by a serrated 
bubble cap. The normal liquid level in the scrubber is 4 ft above 
the packing grate. The liquid level is indicated and controlled in 
the same manner as in the cold catchpot. 


STALL STRUCTURE AND REPAIR PIT 


All high-pressure vessels are located within a heavy-walled re- 
inforced-concrete structure 193 ft long, 28 ft wide, and 58 ft high, 
open on the top and rear. To minimize the danger of possible 
fires or explosions, the structure is divided into six stalls by 14-in. 
reinforced-concrete walls. A 130-ton gantry crane with a 70-ft 
lift and 60-ft span straddles the structure and facilitates handling 
of the heavy equipment. Fig. 9 shows the gantry crane carrying a 
converter to the stalls visible in the right background. 

The two end compartments of the stalls house the preheaters. 
Next to the preheater are the hot stalls of each phase, containing 
the converters, high-temperature exchangers, and hot catchpot. 
In the center are the two cold stalls with the cold catchpots, 
coolers, and compressor suction traps. In a full-scale plant it is 
not considered necessary to enclose the cold vessels and pre- 
heaters. The experimental nature of the operation justified this 
extra precaution in the demonstration plant. 

’ Adjacent to the stall area is a reinforced-concrete repair pit 35 
ft deep. This pit facilitates the repair and cleaning of the large 
vessels by permitting vertical removal of internals. 


New DEVELOPMENTS IN HicH-PRESSURE-VESSEL 
DESIGN 


The demonstration-plant high-pressure vessels described were 
built in accordance with the established practice of forged con- 
struction. However, during the initial stages of plant design, con- 
sideration was given to layer-vessel design and to the spirally 
wound vessels (Wickelofen) still in the industrial development 
stage in Germany. The carbon-steel-plate layer vessels proved to 
be too heavy and expensive, while the spirally wound vessels were 
not available from American manufacturers. 

Latest investigations indicate that the spirally wound vessels 
have excellent possibilities in future American full-scale opera- 
tions. Therefore a detailed description of this method seems to 
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be pertinent to this paper. The Germans developed this method 
of pressure-vessel construction shortly before the second world 
war as a modification to the layer vessel designed and constructed 
by the A. O. Smith Company of Milwaukee, Wis. Figs. 10, 11, 
and 12 help to visualize the spirally wound method of construc- 
tion. The principle of design utilized by this method is the 
shrinkage of each successive layer of the wound strip upon the 
layer or core beneath. Shrinkage of the layers is achieved by con- 
tinuously heating each strip electrically to between 1100 and 
1550 F just before winding, followed by cooling to atmospheric 
temperature after it is pressed onto the underlying layer.. The 
resultant predetermined contraction of the metal strip will set up 
circumferential prestressing necessary for minimum wall thick- 
ness. The intimate interlocking of the wound strips provides the 
necessary longitudinal strength. 

The wound vessel is fabricated essentially as follows: The 
inner tube, which forms the core, may vary in thickness from 7/; 
in. for 30-in-ID to 1!/, in. for a 48-in-ID vessel. The inner tube 
must resist corrosion and hydrogen attack at high temperature 
and pressure. A 3 per cent chrome steel with 0.2 per cent C, 0.4 
per cent Mn, 0.3 per cent Si, and 0.15 per cent V was normally 
used by the Germans for this purpose. A plate of commercial 
width is rolled to the desired diameter and butt-welded longi- 
tudinally. Asmany of these cylinders as are necessary for the de- 
sired length of the vessel are butt-welded together, and then 
stress-relieved. Dummy ends of plain carbon steel are welded to 
the ends of the inner tube. These dummy ends, to which the 
strip ends are welded, are later cut off when the vessel is finished. 

The strip may vary in thickness from !/, in. to °/s in., and the 
width is usually about 10 times the thickness. It may be of plain 
carbon steel for the lower pressure and temperature ranges or 
low-alloy steel for higher temperatures and pressures, depending 
upon operating conditions or strength of material desired. As 
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shown in Fig. 10, the strip is rolled to a tongue-and-groove profile, 
preferably three or more grooves in width, so that the upper layer 
of strip can overlap by at least one third its width and still inter- 
lock amply for axial strength. 

The wrapping lathe can be the same type used for machining 
solid wall vessels, Fig. 12. The.tool carriage can be altered to run 
on a special track and accommodate a reel of strip, the strip heat- 
ing and cooling equipment, and a profiled back-up roller. The 
strips, as received in mill lengths, are butt-welded end to end to a 
length required to wind a complete layer in one run. 

The inner tube with its dummy ends is set on the lathe, and 
cooling water is turned on inside the tube. Spiral grooves are then 
cut into the outside face of the tube to match the tongues on the 
strip, at a pitch equal to the width of the strip, plus a slight 
clearance. 

Before wrapping is started the end of the strip is welded to the 
dummy end of the inner tube at an angle corresponding to 
the pitch. The strip passes between guide rollers and is pressed 
against the vessel by two 6-in-diam profiled rollers diametrically 
opposite each other, to prevent distortion of the tube. The load 
on these rollers is about 1 ton. The guide rollers act as the con- 
nection for the electric current, which heats the strip as it unwinds 
from the reel onto the vessel. The power required to heat the 
strip to between 1100 and 1550 F is furnished at 30 to 40 volts 
and 4000 to 6000 amp. 

After passing under the profiled roller, the strip is quenched by 
compressed-air jets and about five or six turns later by cold-water 
jets. The speed of wrapping is about 15 fpm. 

After the first layer of strip is completely wrapped, the end is 
welded to the dummy end of the inner tube and the carriage re- 
turned to the other end of the lathe. The next strip is then 
welded to the first layer strip (see Fig. 10), so that it will overlap 
the joints of the underlying layer by one third of the width of the 
strip. The succeeding strips are then wrapped exactly like the 
first and second, until the required wall thickness is obtained. 

To finish the ends of the vessel a flange is formed by the same 
wound method, a steel ring is shrunk over the strip ends, and the 
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dummy inner-tube ends are cut off to the proper length Fig. 11. 
Instead of a wound flange of strips, a solid forged-steel flange may 
be screwed or shrunk on, if desired. Fig. 13 shows a German 
Wickelofen of the type described.® 

Full-Scale Plant Converter. A layout has been made of a full- 
scale plant converter employing the spirally wound principle. A 
sectional sketch with the main dimensions and materials is shown 
in Fig. 14, . 

In order to take the best advantage of this type of construc- 
tion, the wrapping strip steel should have a high yield strength. 
Also, the yield should not exceed 75 per cent, nor be less than 60 


6 For further particulars on the construction of the ‘‘Wickelofen” 
refer to ‘Engineering in Hydrogenation Plants in Germany,” by J. 
I, Ellis, published by the British Intelligence Objectives Subcom- 
mittee, 32 Bryanston Square, London, W.I., or the office of Technical 
Services, U. S. Dept. of Commerce, Washington, D. C. 
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per cent of the ultimate tensile strength. The elongation should 
not be lower than 17 per cent. It is believed that a low-chrome 
vanadium steel similar to SAE 6115 could be heat-treated in the 
wrapping procedure to secure the desired properties. 

In designing the vessel shown in Fig. 15, a steel with 90,000 psi 
yield strength and about 130,000 psi ultimate tensile strength is 
used. In arriving at the wall thickness, the strip was stressed to 
70,000 psi on the outside layer, resulting in compressive stress on 
the core tube of similar magnitude, Fig. 15. Twenty-two °/,».-in. 
layers were required over a 11/2-in. inner tube. This resulted in 
an 8'/,-in. wall for the specified 56-in-ID vessel, weighing only 
316 tons. 


CONCLUSIONS 


Many improvements are still possible in high-pressure vessel 
fabrication, particularly for large diameters required in commer- 
cial-scale hydrogenation plants. 

The spirally wound construction is especially promising. A 
brief summary of the advantages claimed follows: 


1 Economy in corrosion and: hydrogen-resistant material, 
since only the core tube needs these properties. 

2 The thin strips permit treating and forging operations to 
penetrate the innermost crystals. Thus the safety factor re- 
quired for nonhomogeneous solid walls can be reduced. 

3 ‘The method of construction gives higher stress distribution 
on the outside layers, causing these to stretch uniformly, and 
thereby permitting visual inspection of amount of growth. 

4 Reduction of wall thickness from increased physical proper- 
ties secured by controlled heating and cooling of strip. 

5 Material lost in machining is only one sixth of that lost in 
forging solid-wall vessels. 

6 Fewer operators are required, and the manufacturing time is 
reduced to one fifth of that required in forging. 

7 Wound vessels can be made at the plant-site shop, thus 
simplifying handling and transportation problems. 

8 The size of vessels is limited only by the capacity of crane 
handling equipment in the field. 


High-Pressure (10,300 Psi) Piping, Flanged 


Joints, Fittings, 


and Valves for 


Coal-Hydrogenation Service 


By J. H. SANDAKER,! J. A. MARKOVITS,? ano K. B. BREDTSCHNEIDER? 


The high-pressure piping components used in the coal- 
hydrogenation process are described briefly. Some fac- 
tors considered in design are given. In addition, a short 
discourse on future design for commercial-scale plants is 
included. 


INTRODUCTION 


HE coal-hydrogenation demonstration plant required large 

quantities of 10,300-psi piping, flanged joints, fittings, and 

valves of various types. Service conditions introduce 
unique problems which have to be considered in the design of 
these elements. Some of these problems are touched upon 
briefly and resulting designs are described. 

At this time it appears probable that most piping in future 
coal-hydrogenation plants would be made lighter by the use of 
higher-strength steels. However, the other piping components 
are unlikely to be changed radically in design. 


PIPING 


Design and standardization of the 10,300-psi-working-pressure 
piping presented numerous problems. In selecting materials 
and determining wall thicknesses, consideration had to be given 
to process-flow requirements, prevailing pipe-manufacturing 
practices, permissible stresses, including creep streess at high 
temperature, and the effect of corrosion, erosion, and hydrogen 
attack. In addition, however, it early became apparent that 
large unit weights were involved; so that it became imperative 
to design for minimum weight consistent with safety and reliabil- 
ity. 

It was realized that the many theories available to explain the 
failure of thick-walled cylinders from excessive internal pressure 
gave widely different results at the 10,000-psi design level. The 
maximum principal-stress theory, in which the tangential stress 
alone is considered to be the criterion for failure, proved to be the 
most suitable choice. The ASA code for pressure piping adopts 
this theory, and in paragraph 122b 


where 


1 Mechanical Engineer, Coal-to-Oil Demonstration Branch, Office 
of Synthetic Liquid Fuels, Bureau of Mines, Louisiana, Mo. 

2 Assistant Chief, Coal-to-Oil Demonstration Branch, Office of 
Synthetic Liquid Fuels, Bureau of Mines. 

3 Special Engineer, Koppers Company, Inc., Louisiana, Mo. 

Contributed by the Petroleum Division ‘and presented at the 
Petroleum Mechanical Engineering Conference, Oklahoma City, 
Okla., October 2-5, 1949, of Taz American SocreTy or MEcHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—PET-2. 


tm = minimum pipe-wall thickness in inches, excluding manu- 
facturing tolerances, 
P = maximum internal service pressure, psig 
D = outside diameter, in, 
S = allowable stress in material due to internal pressure, at 
the operating temperature, psi 
C = allowance for threading and corrosion, in. 


A study of Equation [1] reveals how wall thickness varies with 
allowable stress. By dropping the constant C and rearranging 
the equation, it becomes 


Po Sa-k 

d.) YS—P 
where D/d = theoretical ratio of outside diameter to inside 
diameter. Plotting D/d against allowable stress for the internal 


pressure of 10,300 psi, the graph shown in Fig. 1 is obtained. 
Several significant facts are evident from this curve. As the al- 
lowable stress approaches 10,300 psi, the D/d ratio approaches 
infinity. It is also apparent that at relatively low stress values, 
small increments cause large decreases in D/d ratio. The rate 
of decrease diminishes as the allowable stress increases. 
Calculated data in Table 1 show an interesting comparison of 
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wall thicknesses and unit weights for 21/2-in-ID pipe, both with 
and without manufacturing tolerances, using ASTM-A-106, 
grade B carbon steel for which the ASA Code for Pressure Piping 
stipulates an allowable stress of 18,000 psi at 375 F, and alter- 
nately API 5L, grade C for which a stress of 22,900 psi is allowed 
at the same temperature. 


TABLE 1 CALCULATED WALL THICKNESS FOR 2!/2-IN-ID 
10,300-PSI PIPE 
Wal! thickness Wall thickness 
excluding mfg. including mfg. 
tolerances, Weight tolerances, Weight 
Material in. lb per ft in, lb per ft 
ASTM A-106, grade B 1.25 57 1.875 88 
API5L, gradeC..... 0.95 34 1.169 45 


It is clear from the data that there was a distinct advantage in 
using API 5L for low-temperature service. Another notable fact 
is that manufacturing tolerances had a big influence in the final 
weight of the pipe. This was a factor which at the time had to 
be accepted as a necessary evil. Fig. 2 lists final pipe dimensions 
arrived at with manufacturing tolerances for seamless piping 
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which was to be finished by hot-rolling. After completion of 
some tubes, manufacturing difficulty necessitated a change to 
cold-drawing, so that there is some slight deviation from dimen- 
sions and tolerances listed. 

Fig. 3 shows on the left a Croloy 9M tube obtained by hot- 
finishing. Note the squareness of the inside circumference. 
On the right is a well-shaped cold-drawn tube. 

Following German precedent, materials for piping were divided 
into four different classes based upon service, as follows: 


(a) Low temperature, up to 375 F. 
(b) Medium temperature, 376 F to 850 F. 
(c) High temperature, 851 F to 1000 F. 


(d) Miscellaneous applications in which 3/,.-in-ID XX 9/,6-in- 
OD type 304 stainless steel or !/js-in-ID X 1/,s-in-OD, chrome- 
molybdenum steel tubing was used. 


TRANSACTIONS OF THE ASME 


MAY, 1950 


Fic. 3 Prerinc anp GASKET SECTIONS 


About the latter, used for instrument pressure leads, flushing- 
oil injection, nitrogen injection, hydrogen injection, and sampling 
lines, little need be said, since this type of tubing is regularly 
manufactured and can be obtained easily from suppliers. 

The materials with their properties for the first three classes 


are listed in Table 2. 
TABLE 2 HIGH-PRESSURE (10,300-PSI) PIPING MATERIALS 


tens. 


Maximum Yield 
service temperature, point, strength, 
deg F Material psi psi Bhn 
Low temperature: 
0 to 375 B & W MT-1040 45000 75000 159 min 
(early design) equal to API-5L, min min 
grade C 
0 to 375 SAE 4130 45000 75000 180 
(later design) min min 
Medium temperature: 
376 to 850 Croloy 9M (Ref. B& 82000 103100 223 
W Tech. Bul. 6-D min min 
p. 49) HT-31,387 
normalized and 
drawn at 1200 F 
High temperature 851 AISI Type 316 30000 75000 max attaina- 
to 1000 ble 
Note: Creep stress for 1 per cent elongation in 10,000 hr is about 
22,800 psi. 


The change in the low-temperature class to SAE 4130, a low- 
chromium-molybdenum steel, was made during construction of 
the plant, primarily for improved weldability. 

The dimensions given in Fig. 2 are the same for all materials, 
for the sake of standardization of tubing, fittings, etc. The di- 
mensions were based on the properties of API 5L, grade C, car- 
bon-steel seamless tubing for which, as has been noted, the allowa- 
ble stress is 22,900 psi at 375 F. It would appear that a higher 
design stress could have been used for Croloy 9M; however, at the 
time it was selected, not enough was known about its behavior at 
temperatures near 850 F to warrant taking full advantage of its 
strength. In addition, such procedure would have minimized 
standardization. It will be noted that the dimensions chosen 
bring the design stress up close to the creep stress for type 316 . 
Babcock & Wilcox 16-13-3. It was considered more desirable to 
design on this basis than to exceed the OD/ID ratio of 2, which 
was about the maximum according to German experience. 
Thicker walls could be expected to give trouble due to greater 
likelihood of internal faults and to increased temperature stresses. 
Temperature changes especially would have a particularly detri- 
mental effect on stainless steel with its high coefficient of ex- 
pansion and low thermal conductivity. For this reason Croloy 
9M, which has better thermal-shock properties, was used in emer- 
gency let-down lines where temperature could be momentarily 
over 1000 F and vary widely. 


FLANGED JOINTS 


In a good high-pressure flanged connection, the following fea- 
tures are desirable: 
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1 Tightness must be maintained in spite of pressure and tem- 
perature fluctuations and of usual piping stresses imposed by 
torsion, bending, and vibration. 

2 Functioning should not be affected by minor pipe misalign- 
ments in construction or by slight surface imperfections either on 
gaskets or faces. 

3 Since it is desirable to keep the weight of the joint low, 
tightness should be achieved with low bolt loads. 
contribute to this end: 


The following 


(a) A gasket pressure area as near the inside cireumference-of 
the pipe as possible. 

(b) A design which provides high unit pressures on the gasket 
seat with relatively low bolt loads. 

(c) At least a partial self-sealing at operating pressure. 


4 A sufficient number of bolts should be provided so that 
failure of one during tightening will not cause the joint to fail 
completely. 

With these considerations in mind, a study was made of several 
types of flanged joints. Fortunately, data on the lens ring joint 
used in Germany were available for comparison with conven- 
tional types. This was finally chosen as the one having most of 
the desirable characteristics. Fig. 4 illustrates an assembled 
connection of this type for low-temperature lines. For compari- 
son, a Bureau of Mines pipe, flange, and lens ring was shown 
mated with the closest-size German pipe and flange. 
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Fig. 5 shows the shape and dimensions of low-temperature 
service lens-ring gaskets, and Fig. 6 shows the dimensions of 
flanges used. It should be noted that a spherical gasket surface 
is in contact with conical surfaces on the pipe ends. It is char- 
acteristic of a metal-to-metal ball-and-cone joint that, with 
small bolt load, the contact area is extremely small, though very 
high gasket unit seating pressures are achieved. The gasket is 
softer than the pipe and its action under load is both plastic and 
elastic. Plastic deformation takes place over an almost im- 
perceptible area and seals off against minor imperfections in ma- 


SPHER 


RAD. 
R 


Gi 


ON MEDIUM TEMPERATURE FLANGES 
MACHINE TWO !/I6" RAD. IDENTIFICATION GROOVES 


(ae ONE I/I6"RAD. IDENTIFICATION GROOVE 
ON HIGH TEMPERATURE FLANGES 


ave 
We" | 1" 14 76" | 


4" |13/e"|5 9716" 


NOTE- TO BE USED ON ALL H.P PIPING SPECS. 


GENERAL NOTES 
THREADS AMERICAN NATIONAL 8 THDS. PER INCH 
CLASS 2 FIT HOLES TO BE EQUALLY SPACED AND 
DRILLED ROUGH MACHINE ALL OVER 


Fie. 6 FLANGE STANDARDS 


chined surfaces. The greatest part of the deformation is elastic 
and occurs both radially and axially. Both the _ initial 
elastic deformation set up before pressure application and the 
internal pressure itself provide the self-sealing effect under 
operating conditions. 

The ball-and-cone shapes allow the lens to find a seating posi- 
tion in spite of minor pipe misalignments. Though surface finish 
was specified to be very fine, it has been found that minor scratches 
and toolmarks do not cause leakage. 

In spite of careful piping design, expansion stresses in high- 
temperature lines tend often to place added bending and torsion 
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in the flanged connections. For this reason a bellows lens as 
illustrated in Fig. 7, is used in medium and high-temperature 
lines. This type of lens ring has still greater self-sealing effect 
because fluid under pressure enters the annular space in the lens 
and acts over a greater area. Should the bending moments tend 
to open mating flanges, the bellows lens tends to open and to 
follow the seating surfaces on the pipe. 

Flanging materials and their physical properties are given in 
Table 3. 


TABLE 3 Me TRIAL ae ee (10,300-PSI) FLANGED 


tens, 


TRANSACTIONS OF THE ASME 


Yield 
point, strength 
Material psi psi Bhn 
Low TEMPERATURE 0-375 F 
Flanges Carbon steel ASTM- 
A-105, grade II 36000 70000 136 min 
Lens-ring gaskets Carbon steel ASTM- 
A-105, grade I 30000 60000 116 min 
140 max 
Bolts ASTM-A-193-44, grade 
B-7 (SAE 4140) min 
draw temp. 1100 F 105000 125000 
Nuts ASTM-A-194-40, class 
2-h heavy series. 
MepiumM TEMPERATURE 376-850 F 
Flanges Carbon-moly ASTM- 
(on tubing) A-182-44 grade F-1 45000 70000 150 min 
Flanges Alloy steel AISI type 
(on fittings 304 ASTM-A-182, 
and valves) grade F-8 30000 75000 200 max 
Lens-ring gaskets AISI 405 chrome steel 
annealed 40900 64160 120 min 
130 max 
Bolts Same as for low-temperature service 
Nuts Same as for low-temperature service 
HicH-TEMPERATURE 851-1000 F 
Flanges Alloy steel AISI type 
304 ASTM-A-182- 
44 type F-8 30000 75000 200 max 
Lens-ring gaskets AISI type 405 chrome 
steel annealed 40900 64160 120 min 
130 max 
Bolts Same as for low-temperature service 
Nuts Same as for low-temperature service 


The materials from which lens rings are made have in each ap- 
plication a Brinell number about 30-40 points below the piping 
materials. This follows German practice and is for the purpose of 
restricting plastic deformation to the lens rings, which are the 
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elements most easily replaced. Flanges are made of materials 
different from tubing to avoid galling of threads. 

Some idea of the weight reduction achieved by use of the 10,300- 
psi lens-type joint can be obtained by comparing the weights of a 
flange for the 2!/s-in. nominal-size pipe with the weight of an 
ASA-2500-lb screwed flange for the same pipe size. Each weighs 
about 50 lb. 

Results of a test* conducted in Germany on a 325-atm (4780- 
psi) working-pressure joint of this type for a pipe with an inside 
diameter of 4.73 in. are available. It was found that an initial 
total bolt load of 75,000 lb was increased to 99,000 lb by appli- 
cation of the design internal pressure corresponding to a total fluid 
force of 94,500 lb. The joint remained tight, and internal pres- 
sure had to be increased to 780 atm before signs of leakage ap- 
peared. Obviously, self-sealing took place. It is interesting to 
note that, at design pressure, the total bolt load exceeded the 
total fluid:load by less than 10 per cent. Conclusions of the test 
report indicated that, for the joint under test, a bolt load between 
1.8 and 2.5 times the total fluid load should be used in practice. 
The lower limit was set to avoid leakage when normal piping 
forces are applied, and the upper limit to avoid overstrain of bolts 
in service. 

Lens-ring joints are used throughout except for instrument 
lines. These have conventional cinch joints. 


FITTineGs 


Fittings are limited to tees, 90-deg ells, and reducers, and all 
are forged and bored. Ells are made by bending straight forged 
and bored pieces. Table 4 gives materials and their physical 


properties. 
TABLE 4 MATERIAL FOR FITTINGS 
Ult. 
tensile Yield 
strengh, point, 
Service Material psi psi Bhn 
Low temperature 
0to375F SAE 1030 75000 45000 163 min 
Mediumtempera- Type 304 18-8 stain- 
ture 376 to 850 F less steel ASTM-A- 

182 grade F-8 75000 30000 max at- 
taina- 
ble 

High temperature Type 316 stainless steel 
851 to 1000 F AST M-A-182-44 75000 30000 max at- 
ane 
le 


Details and dimensions of all flanged-type tees are given in 
Fig. 8. Fig. 9 illustrates welding-type ells. Fig. 10 shows a 
typical 2!/,-in. high-pressure line with flanges and fittings. 


VALVES 


In general, shutoff, throttling, check, and relief valves are used. 
All bodies are forged steel. Table 5 shows materials and physical 
properties. 


TABLE 5 MATERIALS FOR HIGH-PRESSURE (10,300-PSI) VALVE 
BODIES 


Ult 
tens Yield 
; strength, point, 
Service Material psi psi Bhn . 
Low temperature Carbon steel SAE- 
0 to 375 F 1030 75000 45000 163 min 
Mediumtempera- Alloy steel AISI type 
ture 376 to 850 316 ASTM-A-182- 
F andi high 44 type F-8m 
temperature 
851 to 1000 F 75000 30000 190 max 


‘Report on the ‘Deformation of 120-Mm Sealing Rings of N65 
Material Due to Internal Pressure and With Very Tightly Drawn 
Bolts,” dated Ludwigshafen, July 12, 1936. Frames 6722-6728, 
inclusive of TOM Reel No. 181. 
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All valves are angle type, except for a few vertical-lift check 
valves, which are straight-through type. The smaller sizes of 
shutoff and throttling valves are direct handwheel-operated and 
have screwed packing-gland nuts, while larger sizes, 1*/, in. and 
aboye, have bolted flanged packing glands, and are spur-gear- and 
handwheel-operated. Valves are so arranged that the pressure 
will be above the disk when closed. 
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High-pressure drops during opening and closing, even for mild 
service, are likely to cause severe erosion of disk and seat ma- 
terials, unless proper precautions are taken in design. For this 
reason seat and disk are stellite for shutoff valves and kennametal 
for throttling valves. Because of the brittleness of kennametal, 
throttling valves cannot be used for shutoff. Provision must be 
made to avoid tight seating. This has been done either by pro- 
viding a spring between spindle and removable disk, or by use of 
stop nuts on the valve spindle to limit the travel. In addition, 
throttling and shutoff valves must be paired and valve opera- 
tions arranged so that all throttling is placed on throttling valves, 
while only shutoff valves are depended upon for tight shutoff. 

Seat rings or bonnet closures for all valves are of the self-sealing 
type. This keeps down the weight of the valve and facilitates 
disassembly for replacement of valve internals. Valve packing, 
where used, is seven-ring type-220 durametallic with nitralloy 
base ring and gland. 

Fig. 11 shows a section of a typical shutoff valve. In Fig. 12 
a gear-operated 2-in. shutoff valve is compared with a 2-in. 150- 
psi screwed valve. 

Throttling valves fall into two classes, depending upon whether 
service is severe or mild. Severe throttling valves are used where 
pressure drop would be from 10,300 psi down to about atmos- 
pheric pressure and the fluid is a mixture of liquids, gases, and 
solids consisting of unreacted coal, ash, and catalyst. Fig. 13 
illustrates the valve used for such service. Velocities in the nozzle 
reach 700 to 800 fps. German experience with a similar valve in- 
dicated that a maximum service life with the best seat and disk 
materials available would be about 1 month. Design, therefore, 
had to be carried out with the object of attaining longest pos- 
sible service life and of providing for the quickest and safest 
possible replacement of either valves or their worn elements. To 
minimize abrasion of the disk the valve was so designed that, with 
normal flow conditions, it would be fully open and all of the throt- 
tling would occur in the nozzle itself. Further, the nozzle was 
made with a divergent exit of 7 deg in order to prevent cavita- 
tion. 

The stream leaving the nozzle enters an expansion chamber and 
impinges against a ‘“‘target plate’ made integral with the lens ring 
of the flanged joint on the outlet side of the valve. Flow through 
the plate is by means of a hole drilled eccentrically to the face 
which has a concave surface of stellite. The purpose of the ex- 
pansion chamber and target plate is to provide for the dissipation 
of the energy of depressuring before entry of the fluid into the 
piping. 

To permit rapid replacement of valve seat and disk, the con- 
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struction is such that disassembly and removal of internals can be 
accomplished from the top without removal of the valve from the 
line. In the most severe service, three valves are used in parallel, 
two being controlled automatically and one hand-operated. One 
of the automatic valves and the hand-operated valve are spares. 
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Hach of these valves is so arranged that three stop valves are on 
the upstream side and one on the downstream side, in order that 
it may be tightly isolated from the system for either removal or 
repair. 

The mild throttling valve is much simpler in construction. Re- 
movable seat and disk cannot be taken out without removing the 
valve from the line, however. Fig. 14 shows the construction of 
one of the smaller sizes. 

Check valves used are both angle and straight-through types. 
The angle type illustrated in Fig. 15 is used for gases and liquids 
free of solids. Both seat and disk are stellite-faced, and the seat is 
not removable. The disk is integral with the stem, which is. 
spring-loaded sufficiently to keep the disk seated under conditions 
of no pressure differential. The spring space behind the stem is 
connected with the pressure space by a drilled hole for pressure 
equalization. f 

The straight-through vertical-lift check valve shown in Fig. 16 
is used for slurries or liquids containing solids. It functions like a 
ball check, but the hollow disk is shaped like a small streamlined 
aerial bomb. Vertical movement is guided by three stellite-faced 
vanes 120 deg apart. Seat, disk, and vane guides are stellite- 
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faced also, and the seat is removable. This valve must always be 
installed with the disk and seat downward, and flow must always 
be upward. 

Relief valves are spring-loaded, as shown in Fig. 17. Disk 
and seat are stellite and the seat is removable. The disk is in- 
tegral with the stem, which extends through the coiled spring and 
is guided near the upper and lower ends. 

Control valves are diaphragm type and have the same general 
features as hand operated valves. 

Conventional 15,000-psi straight-through needle stop and angle 
check valves, and 25,000-psi microregulating valves are used in 
high-pressure instrument lines. 


Furure ComMERCIAL SCALE PLant DESIGN 


As it appears now, only minor changes would be made in design 
of fittings, flanged joints, and most valves for commercial scale 


3 GUIDE RIBS ON 
DISC 3/g" WIDE 
STELLITE FACED 


STELLITE FACED 
DISC GUIDE 


STELLITE FACED 


SEAT AND DISC 155 


st -4RHS 29° MODFIED ACME 
TH'DS PER INCH 


SLOT FOR HOLDING 
STEM WHEN CHANGING 


PRESSURE ADJUSTMENT YY 

TO MAINTAIN TRUE N, Ny 

SEAT BEARING THT 
LUV 


WELD 


SPRING |S SHOWN A | J 
COMPRESSED TO irs KS 
SET PRESSURE OF Sui a N 1s 
10,900 PSL. AGN: 

% 

2 
STELLITE FACED oe 
SEAT ANDO DISC * 

fe 


Fig. 17 Revier VALVE 


plants. Possibly the severe throttling valve would be replaced by 
a pressure letdown engine. 

The trend in piping, which is expected to reach a maximum size 
of 10 in. ID will probably be toward use of higher-strength ma- 
terials in the low and medium temperature ranges, permitting 
higher design stresses. Possibly ends of pipe would be upset for 
threading so that the main body will not have excessively thick 
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walls. The thinner walls would allow manufacture of most of the 
required sizes by piercing and cold-drawing rather than by forging 
and boring. From about 6 in. ID to the maximum of 10 in. ID, 
manufacture undoubtedly would be by forging and boring. 

It is expected that design stresses will be of the order of mag- 
nitude of 30,000 psi. A 4-in-ID pipe would then have an OD/ID 
ratio of about 1.53 and weigh about 60 lb per ft. Using the old 
design, a 4-in-ID pipe would have an OD/ID ratio of 1.88 and 
weigh about 108 lb per ft. 

Further, it may be possible to substitute Croloy 7 or 5 for the 
Croloy 9M now in use. In addition, it may be desirable to break 
up the present medium-temperature service range into several 
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ranges, and to use a different material for each. Studies would 
have to determine whether such changes would be feasible metal- 
lurgically and if they would reduce costs appreciably. 

At this time it is doubtful that a material for high-temperature 
service piping with a creep strength higher than AISI type 316 can 
be found. - Heavier piping for this service will not affect the over- 
all situation appreciably, since it represents only a small per- 
centage of the total high-pressure piping in a coal-hydrogenation 
plant. 

There are several super alloys in the development stage, but to 
date there is no evidence that any of them can be used success- 
fully for high-temperature service tubing. - 


Instrumentation for Coal-Hydrogenation 


Service 


By G. L. BRUNO,! F. W. GEYER,? anp J. A. MARKOVITS? 


The process requirements of measurement and control 
are described as applied to high-pressure phases of the 
coal-hydrogenation process. Special emphasis is given to 
the details of development and application of special in- 
struments. 


INTRODUCTION 


HE coal-hydrogenation demonstration plant includes nearly 

all types of instruments found in normal refinery practice. 

The instrumentation is not typical of that required in a come 
mercial plant, as many measuring devices were installed for ex- 
perimental purposes to gather operating data and to accom- 
modate changes in operation with various types of coal. The 
text of this paper covers only high-pressure instrumentation with 
emphasis given to unusual items, new developments, and adapta- 
tions; it is discussed in the order of temperature, pressure, flow, 
differential pressure, level, and miscellaneous instruments. 

Measurement and control in high-pressure services is not new. 
However, when applied to coal hydrogenation, other factors 
complicate the problem. In addition to pressures of 700 atm, 
there are temperatures of 1100 F, high-viscosity erosive liquids 
containing up to 50 per cent solids, hydrogen, and mixed hydro- 
carbon vapors, as well as severe pressure drops of as much as 
675 atm, and freezing weather. 

In German plants, automatic control was not an economic 
necessity; therefore instrumentation was not highly developed 
for this process. It was recognized that solution of the many 
complex instrumentation problems would offer great possibilities 
for improvement over the German plants and help adapt coal 
hydrogenation to the economics of the United States. 

The necessity for protection against the hazards of the process 
established the basis of design for the control center. The control 
house is a reinforced-concrete building, 34 ft X 90 ft, with a solid 
12-in. wall on the north or stall side as further protection. Di- 
rectly outside the wall are located principal control valves and 
by-pass valves, the handles of which extend through the wall and 
panel board and are located directly under their respective in- 
struments for manual operation. The instrument board, contain- 
ing 121 instruments, consists of 30 control panels and 2 annun- 
ciator panels, with 18 panels on the north wall and 7 on each 
wing. The instruments are either pneumatic or electric receivers, 
eliminating explosive gases or high-pressure liquids from the con- 
trol room. High-pressure controllers are on the north wall, with 
miscellaneous recorders and the annunciator system on the wings. 
High-pressure controls operate either automatically, remote 
pneumatically, or manually from the center. 


1 Project Engineer, Bechtel Corporation, San Francisco, Calif. 

2 Senior Engineer, Bechtel Corporation. 

3 Assistant Chief, Coal-to-Oil Demonstration Branch, Office of 
Synthetic Liquid Fuels, Bureau of Mines, Louisiana, Mo. 

Contributed by the Petroleum Division and presented at the 
Petroleum Mechanical Engineering Conference, Oklahoma City, 
Okla., October 2-5, 1949, of Taz Amprican SocIpty OF MEcHANICAL 
ENGINEERS. , 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—PET-4. 


TEMPERATURE INSTRUMENTS 


The temperatures encountered in the process design range from 
atmospheric to 1800 F and makes the use of both iron-constantan 
and chromel-alumel thermocouples desirable. Twenty-gage ther- 
mal elements were used throughout the high-pressure system. 
This size was selected as the optimum possible, when considering 
thermal response in relation to thermowell ID and wall thickness, 
life of element, and resistance of the external instrument circuit. 
The thermowells used consisted of three types, skin, immersion, 
and vessel. 

Skin-type thermocouple assemblies, as shown in Fig. 1, were 
required in furnaces, vessel shells, and lines containing abrasive 
solids. The assemblies were insulated to reduce radiation losses. 

The immersion-type wells were used in all clean liquids and gas 
streams. The relationship of pressure to wall thickness presented 
the principal difficulties in the design of this type well. The design 
selected, illustrated in Fig. 2, afforded a minimum wall thickness 
at the junction of the element and incorporated the lens ring or 
sealing gasket which is the standard joint seal for high-pressure 
service. 
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Measurement of temperature in vessels such as converters and 
hot and cold catchpots was complicated by the requirement that 
all thermocouples enter either the top or bottom head of the ves- 
sel. The well design is identical for all vessels; however, the de- 
scription of the method used is confined to the vapor-phase con- 
verter, which contained the maximum number of couples and 
presented the added difficulty of fixed beds of catalyst. 

Due to the exothermic reaction of the process, it is necessary to 
introduce cooling hydrogen into the basket of the vapor-phase 
converter at each of the five removable grids. Hydrogen is mixed 
with the hot gases in the grid and flows downward through the 
next lower catalyst bed. A temperature point in the middle of 
each bed operates a diaphragm valve which controls the quantity 
of cooling hydrogen to the bed, maintaining the control tempera- 
ture. 

The pyrometer tube, as illustrated in Fig. 3, is encased in a 
shield which enables the tube to be removed for repairs without 
the catalyst falling through the grids. The shield, however, in- 
troduces a serious time lag owing to the low velocity of the gases 
in the converter and the devious path of heat transfer. 
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Due to hydrogen penetration of the pyrometer tube, it was 
necessary to seal the outlet where the 12 pairs of thermocouple 
wires leave the vessel. This was done by using a drilled soapstone 
bushing tapered at both ends. By tightening a follower nut the 
soapstone crushes around each wire and tightly seals the pressure 
in the pyrometer tube. To indicate hydrogen penetration by in- 
creased pressure, a special fitting was installed in the pyrometer 
tube above the vessel with a pressure gage and vent valve. 

Temperature measurement and control were obtained by using 
standard electronic strip-chart multipoint recorders, circular- 
chart recorder controllers, and multipoint, self-balancing, preci- 
sion indicators with switch cabinets of 48 and 96 points. 

Temperature controllers were designed with manual by-pass 
panels, and it was felt necessary to incorporate full throttling and 
automatic-reset-type control. Multipoint recorders and con- 
trollers were equipped with high-temperature alarms which ac- 
tuate the annunciator system. All ranges used on these instru- 
ments were standard, except one special circular-chart controller 
for controlling the vapor-phase feed temperature to the converters 
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by introducing cooling hydrogen to the stream. This instrument 
is unusual, in that its range is 850 to 900 F—a span and suppres- 
sion not normally found in potentiometer-type instruments. This 
was necessary owing to the narrow span in which maximum hy- 
drogenation efficiency is obtained. 


PRESSURE INSTRUMENTS 


Static pressure measurement was made with conventional 
alloy-steel Bourdon tubes in ranges to 20,000 psi. These instru- 
ments include indicating pressure gages, nonindicating pressure 
controllers, and indicating pneumatic transmitters. 

The indicating gages are 8 in. diam, with safety features such 
as shatterproof glass and rupture-disk backs. Connections were 
made by using !/2-in. straight pipe thread with annealed-copper 
gaskets as normally found in hydraulic work. Pressure elements 
installed in liquid services were equipped with a special high- 
pressure-design pulsation damper as normally required on 
services from reciprocating pumps. The measurement of static 
pressures in streams containing abrasive solids required special 
consideration, and for this purpose a diaphragm or “homogen- 
izer’”’ gage was used with flushing-oil connections to prevent plug- 
ging. This gage consists of a liquid-filled Bourdon tube actuated 
by the flexing of a flat-bulb-type diaphragm. 

Nonindicating pressure controllers, ranging to 15,000 psi, were 
of conventional design, with special differential-cone-type high- 
pressure connections. Asa protection against rupture of Bourdon 
tubes, excess-flow check valves were installed ahead of each tube. 
Transmission to recorders and recorder controllers was performed 
pneumatically by the conventional bellows system. Controllers 
were of the full-throttling type. 


FLow INSTRUMENTS 


Flow measurement was made in streams consisting of hydro- 
gen, vapors, clean liquids, and liquids containing abrasive solids 
by using a sharp-edged orifice in all cases except cooling hydrogen 
streams, where the small flow made orifice-plate measurement 
impractical. Orifice-plate design coefficients had to be estab- 
lished by extrapolation for the 3/s-in. to 2-in-ID special tubing. 
Additional problems were presented owing to pulsation from re- 
ciprocating pumps and compressors and the necessity of using 
nonstandard pipe taps of 8 diameters upstream and 8 diameters 
downstream to meet construction requirements of the lens ring 
joint, the lens gasket of which is incorporated as part of the ori- 
fice plate. It is anticipated that experimental data will be col- 
lected during operations to modify the preliminary design co- 
efficients. The materials handled also required the use of acces- 
sories, such as seal pots, flushing oil and hydrogen purges, and 
steam tracing of meter legs. 

For streams of small volume in the range of 100 cfh at operating 
conditions, a second type of primary element was used. The 
design consists of a helical rotor suspended on instrument pivots 
against jeweled bearings and contained within a high-pressure 
housing. A small alnico magnet is mounted on the rotor and as it 
turns, generates an alternating-current voltage in a pair of coils 
placed in the assembly. These coils are in series and connect to 
weatherproof terminals. The output from the transmitter is of a 
few millivolts magnitude, with frequency and amplitude propor- 
tional to the rate of turning of the rotor. This alternating-current 
voltage is fed to the receiving unit. A proposed alternate method 
for this service was an electric transmission-type rotameter; 
however, it was felt that a development such as the helical rotor, 
if proved practical, would be more suitable for the services and 
would be considerably cheaper. 

The receiver for the rotor-type transmitter consists of 0-100 d-c 
panel-mounted microammeter. As the output of the transmitter 
is alternating current of a small magnitude, it must be rectified 
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and measured on a direct-current instrument. This rectification 
is done by a copper-oxide rectifier circuit and owing to the non- 
linear characteristics of the rectifier, it is necessary to bias the 
rectifier with a direct-current voltage to gain linear characteristics. 
Due to the biased voltage on the rectifier, it is further necessary to 
provide an opposing bias current on the indicating meter. This 
biasing current is supplied from a stabilized 6-volt d-c supply 
common to the 12 rotor installations in the plant. 

Orifice-plate differential measurements were made by two types 
of transmitters. One consisted of a special 200-in. high-pressure 
mercury-filled manometer with an inductance-type transmitter. 
The transmitter consists of a soft-iron armature attached to the 
float and moves up and down in a nonmagnetic tube surrounded 
by a center-tapped inductance coil. Due to changing differential 
pressures, the position of the armature varies with respect to the 
center tap of the inductance coil. This movement changes the 
relative inductance of the two halves, the over-all inductance re- 
maining constant. 

The receivers for the mercury-manometer-type transmitters 
are a special adaptation of the electronic self-balancing recorder. 
They contain a transformer supplying 5.0 or 6.3 volt a-c for 
power to the system, and a self-balancing slide-wire which re- 
positions itself to balance the voltage changes produced by the 
inductance-type transmitters. In other words, an alternating- 
current resistance-inductance Wheatstone bridge is formed be- 
tween the transmitter and receiver. The simplified wiring dia- 
gram is shown in Fig. 8. It was necessary to use the more sensi- 
tive-type receiver rather than the standard electric-inductance 
flow receiver, as the changes in inductance produced by the trans- 
mitter-armature movement are much smaller than in the standard 
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transmitter. This reduction was a result of the heavy wall thick- 
ness of the nonmagnetic tube in the transmitter to withstand the 
higher operating pressures. These receivers are in all cases re- 
cording, full-throttling, automatic-reset, pneumatic controllers. 

The second type consists of a high-pressure housing containing 
a measuring diaphragm and a sealing diaphragm between which 
is located an unbonded strain bridge or displacement transducer 
element immersed in a silicon liquid and connected to the measur- 
ing diaphragm, as shown in Fig. 4. 

The displacement transducer element is shown in Fig. 5. It 
consists of a frame # supporting a movable armature F by two 
thin cantilever plates. Four sets of constant filaments, A, B, C, 
and D, are strung under initial tension between the frame and 
armature. When the armature is displaced longitudinally, two 
sets of filaments are elongated while two sets are shortened. The 
elongated filaments increase in resistance, and the shortened fila- 
ments decrease. The change in resistance of the filaments is pro- 
portional to their change in length. The transducer is so wired 
that the filaments are connected in a Wheatstone-bridge circuit. 
The resistance change of the filament alters the electrical balance 
of the bridge so that an electrical current flows in the output cir- 
cuit. The reverse side of the transducer is shown in Fig. 6; @G 
indicates the cantilever plates which support the armature; H is 
the linkage pin by which movement from the measuring dia- 
phragm is transmitted to the armature; J isa stud attached to the 
armature which limits the movement of the armature to 0.0015 
in. in either direction. This stop serves to protect the filaments 
against mechanical overload. The resistor K is a trimmer placed 
in series with one of the bridge elements. It is adjusted to equal- 
ize the resistance of the four elements of the bridge. If the bridge 
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is balanced at zero output before the displacement is applied, the 
unbalanced electrical output of the bridge bears a linear relation- 
ship to the displacement. The complete wiring diagram, includ- 
ing transmitter and receiver, is shown in Fig. 7. 

The receivers for the differential strain transmitters are also 
special, although different adaptations of the electric self-balanc- 
ing potentiometer. In this case it is an alternating-current poten- 
tiometer with both the strain bridge in the transmitter and the 
slide-wire in the receiver being supplied power from the same 
transformer located in the receiver. An alternating-current po- 
tentiometer-type circuit was chosen because by connecting the 
four strain elements in a bridge, the largest and most easily 
measured output could be obtained. The output is in the order 
of 25 millivolts for full scale deflection of the receiver whereas, 
had a resistance-measurement-type circuit been used, the total 
resistance change for full scale deflection would have been very 
small with the type of unbonded strain gage used. The span 
and zero adjustments are accomplished by means of a poten- 
tiometer rheostat network located in the receiver and shown on 
the simplified wiring diagram in Fig. 7. These receivers are in all 
cases circular-chart recorders. 

It can be noted from the foregoing description that two dif- 
ferent types of transmitters were used for differential flow mea- 
surements. Hither type could have been used throughout. The 
mercury-manometer type was chosen for all control applications, 
as it seemed to offer the best possibility of maintaining its calibra- 
tion over a long period of time while the strain-element type is 
known to have a zero calibration shift with time. The strain type 
was chosen for straight flow recording on the basis that it was 
cheaper, and that an instrument of this type should be developed. 


DIFFERENTIAL-PRESSURE INSTRUMENTS 


Most of the differential-pressure measurements in the demon- 
stration plant were made for collecting experimental data on such 
items as plastic flow of viscous fluids and exchanger fouling fac- 
tors. Very few data are available, particularly at high pressures, 
on the plastic flow of viscous fluids such as coal paste with a vis- 
cosity of 4750 centipoises at 200 F, and a Reynolds number con- 
siderably below the range of laminar flow; and it is therefore 
hoped that friction factors and empirical formulas may be de- 
veloped by the differential-pressure data obtained. Differential- 
pressure measurements are also used as an indication of changes 
in fouling factors of exchanger equipment due to coke, salt, and 
hydrates; and for process control of water-injection rates neces- 
sary to reduce the scale and salt deposits in the exchanger tubes. 

The primary measuring element and transmitter for these 
measurements is a differential strain gage as previously described 
in the flow section with modifications to the diaphragms for ranges 
of 100, 350, 500, and 1000-lb differentials. 
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The receivers for these measuring elements were an adaptation 
of a multipoint strip-chart potentiometer recorder. The basic 
electric circuit for each point was the same as previously de- 
scribed for single-point recorders under flow measurement; how- 
ever, owing to the inherent difficulties in manufacture of the 
strain element, the calibration factors for each transmitter were 
different and required a separate span and zero adjustment for 
each point recorded. This span-and-zero adjustment for each 
transmitter was located behind the receiver case. 

Automatic control of differential pressure was used in only two 
cases—the total differential pressure across the hydrogen-recycle 
compressors in the vapor-phase and the liquid-phase systems. 
Both systems are closed and operate independently. It was 
necessary to by-pass part of the recycle hydrogen at a high enough 
pressure, to be assured at all times of a sufficient pressure differ- 
ential to force a controlled flow of cooling hydrogen into the con- 
verter, while still maintaining a constant flow of process hydrogen 
and feed to this same converter. To accomplish this, an excess of 
recycle compressor capacity is maintained at all times at a pres- 
sure differential of from 500 to 750 psi. This differential-pressure- 
recorder controller is the most important single controller in 
either phase, as enough cooling hydrogen must be available to 
prevent a runaway condition due to the exothermic reaction. 
These receivers are pneumatic, full-throttling, automatic-reset, 
circular-chart-recorder controllers, equipped with manual by-pass 
panels. 


Liquip-LEVEL INSTRUMENTS 


Level measurement and transmission for all high-pressure ves- 
sels was accomplished by using 50-in. high-pressure mercury 
manometers of the type previously described in the section on 
flow instruments. 

The receivers are circular-chart-recording, full-throttling, auto- 
matic-reset, pneumatic controllers with manual by-pass panels. 
The electric circuit for the receivers of the mercury manometers 
is the same as that used for the manometer-type flow receivers 
previously described. 

The liquid-level measurement and control of the hot catchpot 
was the most difficult installation and is therefore described in 
detail. The hot catchpot is a vessel 24 in. ID X 38 ft high and is 
used in the process as the hot liquid-vapor separator. The liquid 
flow to the hot catchpot is intermittent, and the sudden surges 
must be minimized by efficient control. The heavy-oil bottoms is 
a liquid containing approximately 35 per cent solids, consisting 
of unreacted coal, ash, and catalyst, and a high percentage of ab- 
sorbed gases. From the foregoing description it can be seen that 
this service presented many problems as to measurement, control, 
and maintenance; therefore three separate and distinct level 
systems were employed. Two were of the pneumereator or 
bubbler-tube type in conjunction with 50-in. mercury manom- 
eters, and the third was of the gamma-ray type described later. 
The pneumercator liquid-level measuring device consists of a 
mercury manometer connected to tubes entering the top of the 
vessel. One tube is terminated near the top to measure the static 
pressure while the other extends into the vessel to a point near the 
bottom. The liquid head on the second tube produces the dif- 
ferential on the manometer. Hydrogen is introduced into the 
two manometer leads through two flow recorders in one case and 
through capillary throttling devices in the other. The arrange- 
ment is shown in Fig. 9. 

Owing to the severe service conditions of the hot catchpot, it 
was felt that an additional type of level measurement and trans- 
mission should be employed. This is an electronic instrument 
utilizing gamma radiation which is capable of measuring changes 
of level through the heavy wall of the vessel without the use of an 
access opening. The gamma rays are produced as a result of 
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natural disintegration of radium in a capsule located within the 
vessel. The number of gamma rays that penetrate a section of 
the vessel wall are counted and averaged by a suitable Geiger 
counteramplifier-integrator circuit, which supplies an output of 
0-50 millivolis dc. The intensity of the radiation from the radium 
source varies with the distance from the source to the counter and 
with the densities of various materials intervening. The counter 
is located about 2 ft higher on the outside of the vessel than the 
radium sources on the inside; therefore, as the liquid rises above 
the source, the radiation received at the counter is progressively 
reduced by this intervention of a material of a higher density. 
The reduction of intensity continues until the liquid level is 
directly opposite the counter producing a 2-ft operating range.‘ 
The electric circuit of the receiver is a conventional self-balanc- 
ing potentiometer with a range of 0-50 millivolts dc. 

The manometer transmitters were wired through a switch on 
the control panel so that either of the two transmitters could be 
used on a common receiver controller. The output control air of 
this receiver was manifolded with that of the gamma-ray re- 
ceiver controller so that either could be used to control the level in 
the hot catchpot. This controlled air operates either of the two 
diaphragm control valves of the severe throttling type, which re- 
move the heavy-oil bottoms from the hot catchpot. A dual valve 
installation was required owing to the severe erosion caused by the 
675-atm pressure drop of the material handled. 

Special designed 15,000-psi test gage glasses also were installed 
on each of the vessels for manual operation and setting of control 
points. 


MiscELLANEOUS HQUIPMENT 


Two other types of instruments deserve mention: The thermal- 
conductivity hydrogen-analyzer recorders, and the Ranarex 
specific-gravity recorders, which are used as a check on the com- 
position of the gas streams in both the liquid and vapor phase. 
The instruments are of conventional design. The continuous 
samples to these instruments were taken from the hydrogen re- 


4 For further information on the type 79D1 Gagetron refer to the 
Engineering Laboratories, Inc., Tulsa, Okla. 
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cycle lines through 1-mm capillary tubing which was. used to 
partly reduce the pressure and to reduce line volume to increase 
speed of response of the analyzers. The final high-pressure drop 
was taken across double manual throttling valves into a 10-in. 
WC bubbler, with part of the sample vented to atmosphere and 
the balance going to the hydrogen-analyzing cell and the gravi- 
tometer. 

Instrument piping consisted of */i-in-ID X 9/1-in-OD type 
304 stainless-steel tubing, tees, connectors, and valves. Con- 
nections were made by use of a differential cone seal, as shown in 
Fig. 10. The connections were kept to a minimum by use of 
bends wherever possible. 

The construction details of the diaphragm-control-valve 
bodies are covered in a companion paper on valves and fittings; 
however, some additional description covering the control opera- 
tions is required. The valves are equipped with giant top works 
or diaphragm with 2-in. travel of the diaphragm through a linkage 
to give */s-in. travel of the inner valve. To insure ample power 
and accurate positioning of the inner valve, all control valves are 
equipped with valve positioners set for the 3/;-in. travel. The 
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port sizes range from 1/3 in. to 1/2 in. diam, and the plugs are 
characterized. 

An elaborate annunciator system was installed with a normal 
amber light and an abnormal red light for each alarm circuit. A 
common howler with a reset button was used. The common- 
howler reset button will silence the howler for that circuit which 
has become abnormal, leaving the red light on and clearing the 
howler for operation from one of the other alarm circuits. The 
alarm circuits are used for high skin temperatures, thermocouple 
burnouts, high and low levels, low steam pressure, and low coal- 
paste pressure. 


CoNCLUSION 


The special instruments described were developed primarily for 
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Fic. 11 Intertor or HicH-Pressure Controyt House—Liquip-PHAsr INSTRUMENTS 


Fic. 12 Inrerror or HicH-Pressurp Conrron House—Vapor-PHasp INSTRUMENTS 


the project through the splendid co-operation of interested manu- 
facturers. The design of the project occurred during a period of 
peak demand for standard equipment; and it was therefore 
difficult to find suppliers to produce the equipment. Presentation 
of ideas to numerous manufacturers, even though they were not 
interested at the time, has now resulted in the development of 
some new equipment for high-pressure services. The instruments 
now in use represent the best that it was possible to develop and 
obtain but are by no means considered the only or final solution 


to the problem. It is hoped that from operating experience and 
continued co-operation with manufacturers, improvements and 
new developments may be obtained that will be applicable not 
only to the coal-hydrogenation process but to any future processes 
of comparable services. The brief operating experience obtained 
to date indicates that some modifications and redesign will be re- 
quired; and, after further and more conclusive information is ob- 
tained, it is hoped that additional papers will be written on the 
subject. 


Metallurgical and Fabrication Considera- 


tions in the Coal-Hydrogenation 


Demonstration-Plant Construction 


By B. H. LEONARD, JR.,1 G. D. GARDNER,? anv J. A. MARKOVITS? 


Special equipment, special steels, and heavy wall thick- 
nesses were required to handle hydrogen and abrasive 
pastes at the high pressures and temperatures of coal 
hydrogenation. Some metallurgical and fabrication prob- 
lems pertaining to this specialized process are discussed 
herein. 


INTRODUCTION 


( welasigatee papers presented in this issue describe the 
coal-hydrogenation plant. An attempt will be made in 
this paper to show why certain materials were used and to 

point out some of the fabrication difficulties that were experi- 

enced, This discussion is necessarily limited to materials and 
equipment used for high pressures. 

The primary consideration in the choice of materials for various 
services is the effect of hydrogen at different temperatures. From 
German and English experience in the hydrogenation field,‘ it 
was learned that carbon steels resisted hydrogen attack at a pres- 
sure of 10,300 psig up to a temperature of 375 F. Chromium 
steels in excess of approximately 6 per cent Cr were found to be 
hydrogen-resistant at higher temperatures. At these higher 
temperatures, however, creep strength must also be considered. 
Above 800 F, straight chromium steels do not have high enough 
creep strength for the service conditions. These factors led to 
the establishment of three temperature classifications: 0 to 
375 F for carbon steel, 376 to 850 F for intermediate chromium 
steel, and 851 to 1000 F for chromium-nickel stainless steel. 


Piping MATERIALS 


To obtain materials suitable for high temperatures and high 
pressures, it was necessary to accept some undesirable features; 
one of these, common to all the metals, was hot-shortness. Seam- 
less tubing was used throughout, with an approximate ID:OD 
ratio of 1:2. Because of the thick wall involved, difficulty was 
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experienced in maintaining uniform temperatures throughout 
the metal, and it was possible for part of the wall to be in the hot- 
short range at some time during the forming operation. 

Low Temperature. The service conditions in the low-tempera- 
ture range closely simulate those found in normal refinery prac- 
tice, except for the higher pressures. Hydrogen attack on car- 
bon steel in this temperature range is not evident. Therefore 
the piping specifications were established in compliance with the 
ASME Pressure-Piping Code, and specifically with the API 
5L, grade C, classification.6 This specification requires a mini- 
mum. yield value of 45,000 psi, and specifies a maximum allowa- 
ble stress of 22,900 psi at 375 F. The most readily available 
material conforming to these specifications and adaptable to 
seamless piercing operations was MT-1040. Normal production 
of seamless tubing from this material employs a hot-roll finish. 
Due to the extremely heavy tube wall required, excessive ovality 
or squareness resulted from this procedure as shown in Fig. 1. 
Although minimum wall-thickness requirements were met, this 


Jorge al 


SquarEeD ID or Hot-Roittep MT-1040 Street Tuse 


squareness was undesirable for the following reasons: (1) Tubes 
of nonsymmetrical cross section will develop undeterminable 
stress concentrations due to internal pressure; (2) indeterminate 
problems would result in the calculation of bending and shear 
stress caused by thermal expansion, pipe supports, and anchors; 
(3) starting points for corrosive and erosive action, sedimentation 
and coke formation would be established—especially at points 
where the squared ID of the tubing meets the round ID of the 
fittings; (4) proper fluid flow and heat transmission would be 
impaired; (5) systematic safety inspection of irregular tubes 
would be impossible. 

To eliminate squareness and give a satisfactory finish to the 


6 ASME Code for Pressure Piping, 1942. 
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tubes required either boring or cold-drawing. The less expensive 
solution of cold-drawing was chosen. As a final step, the tubes 
were given a normalizing treatment for adjustment of mechanical 
properties. 

One of the inherent properties of this steel is a hot-short range 
from 1400 to 1600 F. Forming should be done in a range of 1800 
to 2000 F, and in no case should this material be cold-bent. 
Some of the tubing was found to have cracks, and it is believed 
that these cracks were caused by forming at too low a tempera- 
ture, or in the hot-short range. A typical defect is shown in Fig. 
2. _ 


Fic. 2 Hor-Suort Crack 1n MT-1040 Stes, Tuse 


Intermediate Temperature. For the intermediate-temperature 
service, a steel with a chromium content exceeding 6 per cent 
was needed to resist hydrogen attack. Standardization of pip- 
ing was based upon the maximum allowable stress of the low- 
temperature steel; 22,900 psi at 375 F. A study was made to 
find a material which at 850 F would have approximately this 
same allowable stress, and also have enough chromium to resist 
hydrogen attack. A stronger material would not have been 
economically sound; conversely, standardization would not have 
been possible without a material at least this strong. The most 
readily available material that could be heat-treated to give 
suitable mechanical properties and contained enough chromium 
to resist hydrogen was a 9 per cent chromium-molybdenum steel. 

This material was found to have the same tendency to square 
during the customary hot-finishing operation as had been ex- 
perienced on the low-temperature steel. It was necessary, there- 
fore, to cold-draw this material also. For increased resistance 
to hydrogen penetration and to obtain required mechanical prop- 
erties at working temperature, the chromium-molybdenum steel 
was normalized and drawn at 1200 F. The mechanical properties 
of this material could be expected to remain stable in operation 
because of the spread between the operating and draw tempera- 
tures. In tests on samples for 1000 hr at 800 and 900 F, only a 
minor loss could be found’ in mechanical strength at room tem- 
perature or 900 F. 

For the extreme deformation required in the piercing operation, 
9 per cent chromium-molybdenum steel should be heated to 
working range of 2000 to 2250 F. Within the range of 1500 to 
1800 F this metal is hot-short, and deformation may lead to 
cracking at the points of maximum deformation. Because of 
the air-hardening characteristic of this material, rapid cooling 


7 Test Report from Babcock & Wilcox Tube Company, Beaver 
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from above 1400 F could also produce cracks or checks. It is 
believed that the cracks found on some tubes of this material 
were caused by working in the hot-short range, Fig. 3. 


Fic. 3 Hot-SHort Cracks In 9 PER Cent CHRomiIuM-MOoLyYB- 
DENUM STEEL TUBE 


High Temperature. The high-temperature requirements were 
the most difficult to meet. The material had to resist hydrogen 
attack and have high creep strength. Again, for standardization 
purposes, it was necessary to find a material with a creep strength 
at 1000 F, close to the maximum allowable stress of the low- 
temperature material, 22,900 psi. The stabilized materials in 
common use did not have enough strength. Careful control 
during operation eliminates corrosion and makes possible the use 
of unstabilized AISI type 316 stainless steel for the high-tempera- 
ture service. This steel has the highest creep strength of the 
heat-resisting stainless steels for which data are available.’ Its 
strength for 1 per cent elongation in 10,000 hr is 23,000 psi. 

AISI type 316 alloy is relatively refractory in piercing and 
rolling and has a tendency to surface-marking. It is therefore 
common practice to cold-draw this tubing to produce suitable 
surfaces, to eliminate notches and other stress raisers, and to 
save material. In addition, some cold work is applied to achieve 
some recrystallization on heat-treatment and to produce optimum 
grain size. 


FIrrines 


The high-pressure fittings, consisting of tees, ells, and reducers, 
were forged from special steels required for the various tempera- 
ture ranges. The tees were formed by forging solid blanks into 
the proper shape; these forgings were then bored to proper inside 
dimensions. Because of the thick walls required, it was very 
difficult to deform the entire mass sufficiently to modify com- 
pletely the original cast structure. The ells were forged from 
straight bars, which were first bored eccentrically and then 
formed with the heavy side on the outside of the bend, in an at- 
tempt to secure uniform wall thickness. 

Low Temperature. Zones of weakness in the high-pressure 
tees were found in the branch run. Here a minimum of work 
was required for the actual shaping of the forging. Fig. 4 shows 
a carbon-steel tee leaking at a pressure of 8000 psi during a hydro- 
static test. Fig. 5 shows the cast (unworked) and the fibrous 
(partly worked) structures at the fractured surface of a defective 
tee, which had been broken to show the cause of leakage. 


8 Metals and Alloys Data Book, S. L. Hoyt, Reinhold Publishing 
Company, New York, first edition, 1943, pp. 111 and 189-191. 
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Fic. 6 Derective AISI Tyrer 304 Sraintess-STEEL Ext Causrep 
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Other tees exhibited forging cracks, laps, and seams at the root 
of the branches; ells had some checks and laps, but few of these 
proved to be serious. 

Intermediate and High Temperature. The intermediate- 
temperature forgings were of AISI type 304, and the high-tem- 
perature forgings were of AISI type 316 stainless steel. The 
forging range of these materials is very critical and narrow; 
2200 to 1800 F. Forging at temperatures either slightly above 
or below these limits will result in cracks and checks. More 
blows are required to work these materials than are required for 
carbon steel, and the first few blows must be light, so as to harden 
and toughen the surface, after which heavier blows may be ap- 
plied. Because of low thermal conductivity, very rapid cooling, 
and longer forging time, reheating must be done quite often. It 
is extremely important that the hot-work finish temperature be 
adhered to, since this material tends to work-harden while still 
very hot. Fig. 6 shows a forged ell which is believed to have been 
cracked, owing to forging at too low a temperature. 


WELDING or TUBING 


In the fabrication of spool pieces by welding, the metallic-are 
process was used exclusively, utilizing multipass procedure. Pro- 
cedures and operators were qualified on the materials and thick- 
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nesses involved. The joint design employed the conventional 
371/.-deg straight bevel for wall thicknesses up to 3/s in.; above 
this thickness a 20-deg U-type bevel was used. Backup rings 
were not used for the following reasons: (1) The small ID of the 
tubing made it impossible to remove the rings; (2) restriction to 
flow caused by a ring would be undesirable; rings would establish 
starting points for sedimentation and coke formation; (4) dam- 
age could result to valves or pumps, were a ring to come loose; 
(5) it was demonstrated that 100 per cent penetration could be 
obtained without the use of rings. 

Tube tolerances often resulted in !/3 in. eccentricity. To pre- 
vent shoulders at the joints and to assure full penetration of the 
weld, the eccentric ID was taper-counterbored at the time of 
cutting the welding bevel. This also assured alignment of the in- 
side diameters when the outside diameters were aligned, and 
facilitated setup of the spool pieces before welding. 

Low-Temperature Material. Welding of the MT-1040 low- 
temperature material was difficult because of the high carbon 
content. To diminish the cooling rate and hardness of the heat- 
affected zone, a preheat of 400 F was used and maintained during 
welding. The length of time the preheat was applied was gov- 
erned by the wall thickness involved. Contrary to common prac- 
tice of using electrodes with minimum tensile strength at least 
equal to that of the parent metal, E-7010 electrode was used for 
the low-temperature-range steel. This choice sacrificed ultimate 
strength for a gain in ductility; however, yield values of the filler 
metal exceed yield values of the parent metal. The joint and the 
heat-affected areas were stress-relieved immediately upon com- 
pletion of the weld. The heat-affected zone was heated to 1250 F, 
held at this temperature for 1 hr per in. of wall thickness, and 
slowly cooled in still air. In no case did the heat-treatment last 
less than 1/.hr. No attempt was made to restore the metal to the 
normalized condition as it was felt that the stress-relieved weld 
deposit would meet the necessary tensile requirements. 

Intermediate-Temperature Material. Welding of the air-hard- 
ening chromium-molybdenum steel also required care. A preheat 
temperature of 600 to 800 F was used to insure a minimum of 500 
F, and thus prevent cracking. Upon completion of the weld, and 
without any loss of temperature, the joint and heat-affected zone 
were soaked for 2 hr at 500 F to assist martensite transformation, 
so that, upon heating to 1200 F (subcritical temperature), hold- 
ing for 4 hr, and cooling in still air, the weld would be tem- 
pered. A filler metal of composition similar to the parent metal 
was used. 

High-Temperature Material. The austenitic AISI type 316 
stainless steel required a preheat of 400 F, because of its low ther- 
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mal conductivity and because of the large mass of metal involved. 
To assure an austenitic weld deposit and to avoid possible sigma- 
phase formation, a 25 per cent chromium-20 per cent nickel elec- 
trode was used. Because of the high-temperature service condi- 
tion, postheat was unnecessary. 


MAcHINING 


Machining of the tube ends for the flanged lens joints also pre- 
sented problems. To effect a seal, the tube ends had to have a 
smooth machine finish on a 20-deg bevel. This finish was ob- 
tained by means of a forming tool. Hard spots in the tube ends, 
however, would cause chatter of the tool bit and result in marks 
on the critical bevel face. Kerosene used as a cutting lubricant 
eliminated much of this trouble. 

Tube and flange threads were gaged with ‘‘go” and “no-go” 
gages. If a tube thread were near the large limit and a flange 
thread near the small limit, binding would occur. This was es- 
pecially troublesome with AISI type 316 material, which tended 
to gall. Cutting the tube thread deeper would not remedy a 
tight fit, but only change the thread profile. However, tube 
threads could be cut slightly oversize to accommodate oversize 
flanges. To eliminate this trouble, flanges and thread taps were 
supplied to the pipe-spool fabricator so that individual fitting 
could be achieved. These flanges were then used as thread pro- 
tectors during shipping of the fabricated spool pieces. The crit- 
ical bevel faces of the pipe spools had to be well protected also, 
for considerable time could elapse before a particular spool might 
be used. During this time the spool piece would lie in the pipe 
yard. Cosmolene was used to prevent corrosion, especially of the 
carbon steel, and various types of caps and plates were used to 
prevent damage. liven so, it was necessary to reface many tube 
ends before some pipe spools could be installed. This refacing 
was best accomplished by a tool similar to that shown in Fig. 7.° 
The collar holds the tool square with the axis of the tube, and the 


Fie. 7 Tusr-Reracine Toon 


straight cutting edges are mounted so as to sweep an imaginary, 
140-deg, included, cone angle. This arrangement produces the re- 
quired 20-deg bevel on the tube end. The tool is manually oper- 
ated and care is exercised to maintain uniform rotation of the 
cutters when they are backed off. This precaution is necessary 
to prevent marking of the bevel face at the termination of the 
cut. 

The other critical element of the flanged joint—the lens gas- 
ket—presented no serious fabrication difficulties. In all tempera- 


® Tool designed by the Bureau of Mines, patent applied for. 
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ture ranges, the materials used for the lens gaskets were softer 
than the tube ends they were to seal. In the low-temperature 
range, the gaskets were made of AISI-1020 steel having a maxi- 
mum Brinell hardness of 140. For the intermediate and high- 
temperature lens gaskets, AISI type 405 chromium stainless steel 
was used with a maximum Brinell hardness of 130. Impurities 
and lack of homogeneity caused voids in the middle of a forged 
bar of this material which did not show up until 26 pieces, ap- 
proximately 11/2 in. long, had been cut, Fig. 8. The spherical 
surface of the lens gasket was a polished finish; however, since 


Fig. 8 Piper in AISI Type 405 Srainuess STEEL 


manufacture was done at the job site as needed, corrosive and 
handling damage was minimized and refacing could be accom- 
plished easily. 


OTHER PROBLEMS 


The process equipment, including valves, pumps, heat ex- 
changers, instruments, and vessels, is subjected to the same oper- 
ating conditions as the tubing. Special steels and careful fab- 
rication were required on these elements also. Hence special 
problems pertaining to each arose. 

Materials. Cemented carbide is used for disks and seats of 
throttling valves and control valves. This material is very hard, 
but also very brittle, and slight pressure will cause fracture. It is 
therefore inadvisable to close these valves completely. Where 
both control and complete stoppage of flow are required, it is 
necessary to install throttling and stop valves in series. In some 
cases the cemented-carbide disks were replaced with stellite or 
hardened stainless steel, having less abrasive resistance but more 
toughness. 

Two materials used for Bourdon tubes are straight 12 to 14 per 
cent chromium stainless steel and chromium-vanadium steel. 
Several chromium tubes failed after 5 days under hydrogen pres- 
sure. Tubes of similar material have been known to fail after 
short service in refinery operation because of corrosive attack of a 
deep cellular nature which causes excessive stress concentrations 
at tube corners. Fractures of the tubes in question also originated 
at corners of the cross section, and it is believed that similar at- 
tack occurred. Two of the chromium-vanadium tubes failed 
after 24 hr under hydrogen pressure. Fig. 9 illustrates a typical 
failure, in this case caused by corrosion fatigue. As a solution to 
this problem, tube-material specifications have been changed to 
a corrosion-resistant material, AISI type 316 stainless steel. 

Welding. Welded pressure parts of equipment have to with- 
stand the same service as welded tube joints. The proper preheat 
and postheat must be used regardless of how small the pressure 
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Fig. 10 Fainure or Wetp on AISI-1025 Carson Stree. 


part might be; the electrode and welding bevel must be suit- 
able for the materials and the thicknesses involved. One of the 
most important requirements is qualification of the welding 
operator. 

Fig. 10 shows the weld failure of a plug connection of a sample 
bomb made of AISI-1025 steel which possesses good weldability. 
When joining light sections to heavy sections, the heavier section 
must be preheated to obtain good fusion and to avoid quenching 
the weld. The single-bead-weld fracture displayed a very brittle 
structure which would indicate insufficient preheat. 

Seal welds were one of the most frequent weld failures. Several 
plugs in heat-exchanger header blocks leaked after a short time 
under pressure, and numerous pump-block plugs leaked during 
the pump break-in period. In both cases the weld was too small. 
Regardless of the tightness of a mechanical seal, the heat of the 
seal weld will in most cases destroy the fit. A good practice is to 
employ a seal-weld design capable of withstanding full pressure 
and to disregard any advantage that may be derived by me- 
chanical means. 

Machining. Thermocouple wells of stainless steel were difficult 
to machine. Two sizes are required: 111/,;in. long X °/i6 in. OD 
X 3/,¢in. ID and 95/s in. long X 9/16in. OD X */i6 in. ID. Both 
sizes reduce down near the tip to °/i5 in. OD X 1/3 in. ID with a 
wall thickness of */32 in: which is subjected to a collapsing pressure 
of 10,300 psig. The wells are turned from solid bars which are 
then drilled for the thermocouple leads. Drill drift resulted in 
eccentricity, thin walls, and subsequent failure as shown in Fig. 
11. To eliminate the trouble, tips of all the wells were cut. Ke- 
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WELDED TEE 
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centric wells were rejected and concentric wells were reclaimed by 
welding repair. Replacements were made in two sections and 
welded together. 


CONCLUSIONS 


Experience gained in the construction of the hydrogenation 
demonstration plant evinces many possible improvements. 

Some changes in materials and fabrication methods were made 
during the latter stages of construction. Most of these were ef- 
fected because of a particular problem and have already been dis- 
cussed. However, one change that was made to obtain better 
weldability and to lessen heat-treatment requirements was the 
use of AISI-4130, chromium-molybdenum steel for low-tempera- 
ture tubing. 

Investigation is being continued to find the most suitable ma- 
terials to be used in contact with hydrogen at high pressures and 
temperatures. 

One particular development in fabrication procedure is a 
welded-tee connection. This type of construction could be used 
to replace forged tees and thus eliminate two joints. An addi- 
tional advantage is a close control of the material involved, 
Fig. 12. 

Because of the seriousness of failures, one of the most stringent 
requirements in the construction of high-pressure and high-tem- 
perature plants is careful inspection. Materials must be thor- 
oughly checked as to quality and suitability. Design must be 
commensurate with service conditions. Fabrication must be in 
accordance with the highest standards of workmanship. 


Design of Preheaters and Heat Exchangers 
for Coal-Hydrogenation Plants 


By P. W. LAUGHREY,! W. I. GWILLIM,! H. SCHAPPERT,? anv J. A. MARKOVITS? 


The preheater and the heat-exchanger possibilities of 
the coal-hydrogenation process are described. Compari- 
son has been made between the demonstration and the 
_ German plant equipment. Emphasis has been placed on 
the importance of developing applicable high-pressure 
_ heat exchangers for commercial-size plants, in order to 
eliminate the preheaters and increase the thermal effi- 
ciency of the process. 


INTRODUCTION 


N important step toward improving the economic aspect of 

the coal-hydrogenation process is to achieve high ther- 

mal efficiency. Various means have been suggested for a 

high thermal efficiency. Full utilization of the exothermic heat 

of reaction through an efficient heat-recovery system and proper 

preheater design become important in achieving this goal. Pos- 

sible improvements in design and heat recovery are discussed 
herein. 


PurRposE oF PASTE PREHEATER 


The function of the liquid-phase preheater is to raise the tem- 
perature of the coal paste-hydrogen mixture at 10,300 psi pres- 
sure from 250 F inlet temperature to about 815 F, before the 
mixture enters the converters. The reaction in the converters is 
highly exothermic. The amount of heat developed in the con- 
verters compares favorably with that necessary for preheating the 
paste to the reaction temperature. A summation of all of the 
reactions occurring in the converter during operations gives a 
mean heat of reaction of 800 Btu per lb of moisture and ash-free 
coal converted. This paste has about 40 per cent moisture and 
ash-free coal content (see Table 1), which means that 1 lb of 
moisture and ash-free coal makes 2.5 lb of paste. Gas is added to 
the paste in a ratio of about 16 standard cu ft per lb of paste. 
Therefore the preheating of this paste and gas requires the follow- 
ing heat quantities per pound of moisture and ash-free coal in- 
put: 


2.5 X 0.54 X (815-250) = 770 Btu 
40 X 0.02 X (815-100) = 570 Btu 
Total = 1340 Btu 


From this computation it can be seen that the amount of heat 
needed for preheating the paste proper is approximately the same 
as the amount of the heat of reaction. It is obvious that with 
good heat exchange between feed and product, not only is no ex- 
ternal heat needed, but a surplus of the major portion of the reac- 
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tion heat must be removed. Consequently, with a good product- 
feed heat exchange, there would be no need of a preheater. A 
small preheater would be needed only for start-up, and the size of 
this preheater would depend entirely on the length of time to 
reach full operating conditions. However, it is known that in 
the German plants, the preheater, especially for subbituminous- 
coal operation, was a very large and expensive piece of equipment 
which transmitted a large quantity of heat to the paste. The 
reason for this fact is to be found, for the most part, in the prop- 
erties of the coal paste. 


PROPERTIES OF THE PASTE 


The main property of the coal paste which may determine the 
design and size of the coal-paste preheater is the viscosity. The 
change of viscosity of paste with temperature is shown in Fig. 1. 
An analysis of coal paste is presented in Table 1. 

TABLE 1 ANALYSIS OF ROCK SPRINGS COAL PASTE 
Weight per cent 


Moisture and ash-free coal................ 36.4 
Pasting.oil (solids free) é a..de shims ane 55.4 
Solidsun pasting Ollccerss.cht ere ere 6.5 
Wateraitit i222 Sain Sore. ca taser toe .3 
Ash and catalyat<e....) ce paren eee 1.4 

Totals ieiste ratte sckcnots 100.0 
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The products of hydrogenation, such as gasoline, Diesel oil, and 
the intermediate heavy-oil products, do not deviate from the 
ordinary behavior of natural hydrocarbons in regard to viscosity ; 
but the coal paste has a singular behavior concerning viscos- 
ity, and this is caused by the swelling properties of the coal. The 
pulverized coal and the pasting oil are mixed, thereby surrounding 
each particle of coal with oil. The thickness of the oil film on the 
coal particles is determined by the ratio of pasting oil to coal and 
the sum of the entire surfaces of these coal particles. As long as 
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the oil film has a certain thickness, the viscosity of the paste is de- 
termined mainly by the viscosity of the pasting oil; but within a 
certain range, the coal swells, and consequently the viscosity in- 
creases markedly. This happens even in the presence of hydro- 
gen, because at the beginning of the heating cycle the temperature 
is too low for hydrogenation of the coal. At higher temperatures 
hydrogenation and liquefaction take place, and the viscosity be- 
gins to decrease. The factors affecting this peculiar behavior of 
the paste are: Origin of the coal, solids content of the paste, fine- 
ness of the coal particles, and asphalt content of the pasting oil. 
In general, younger coals do not exhibit as marked a viscosity 
change in the swelling range. Increase of all the other factors 
mentioned tends to promote an increased viscosity of the paste in 
the swelling range. 

Obviously, at a high viscosity of the paste, the heat transfer in 
the preheater is poor, and at a low viscosity it is good. Translat- 
ing this viscosity effect into a more usable term, that of paste- 
film coefficient, the curve shown in Fig. 2 results. In the swelling- 
temperature range the paste-film coefficient reaches a minimum, 
and it improves with the beginning of the liquefaction. Since the 
tube-wall temperatures of the preheater are calculated by means 
of the paste-film coefficient, a knowledge of the values of this co- 
efficient is very important. Characteristics of pastes derived from 
the various types of U.S. coals will be investigated in the pre- 
heater of the demonstration plant. 


DESCRIPTION OF PASTE PREHEATER 


An isometric drawing of the paste preheater is shown in Fig. 3. 
Because of the unusual viscosity and heat-transfer characteristics 
of the paste, which have been described, the paste preheater was 
designed with four separate cells, which are fired independently 
for optimum temperature control. It will be noted from the 
drawing that eight vertical hairpins are contained in each cell. 
The 21/-in-ID hairpins are surrounded with a 5-in-ID steam 
jacket, and the steam-jacket tube is exposed to radiant heat. 
The high-pressure tube is made of type-316 stainless steel, and 
the steam tube is made of 4 to 6 per cent chrome, and !/2 per cent 
molybdenum steel with dimensions as shown. The steam jacket 
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promotes equal distribution of heat throughout the circumference 
of the high-pressure tube and aids in controlling the tube-metal 
temperatures. a 

Design data for the paste preheater applicable to operation on 
Rock Springs coal are given in Table 2. 


OPERATION OF PAsTE PREHEATER 


The paste, with a small amount of gas, enters the first cell of the 
preheater. Addition of the gas improves the flow conditions, and 
therefore, the heat transmission. Between the first and second 
cells of the preheater, at about 570 F paste temperature, two out- 
side streams are introduced into the paste. One is a hot stream 
of hydrogen at 710 F. The other stream is a heavy solids-con- 
taining oil, called ‘‘heavy-oil letdown’? (HOLD). This latter 
stream flows hot (775 F) directly from the bottom of the hot 
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} TABLE 2 DESIGN DATA FOR PASTE PREHEATER (ROCK 
i - SPRINGS COAL) 


Maximum design 


diti 
Heat duty, Btu per hr: a eas 
SLs cinta Gro ENO IEKOMTERCHERCI CREE Pree eee ree 6560000 
ES. cei Gree OIG Re Rem PE ane ear 180000 
PUG Gall ce Merron Roney est ccavclo(are oicais Ae 6740000 
Quantity input, lb per hr: 
@oalepaste at: 250) is. oc n,n » gues 20183 
Heavy oil letdown at 775 F............ 2500 
HTOt paste £asiat CLO) Lewis. ccc chencrcvererere 3500 
MRO c%, card) SO GRICE RSTO IERIE See ee 26183 
Steam into jacket (400 psig at 700 F), lb 
MORNE Mneee eet See ee 550 
Inlet POEs OVOP ee ete. no ig ede os, 5 10000 
Maximum working pressure, psig......... 10300 
Pressure drop, steam, psig............... 200-220 
Firebox temperature, deg F.............. 1400 
Flue-gas temperature leaving furnace, deg F 1200 
eatufreds, Btu per bri. «fess. or sche cite «0.0 10400000 
Furnace efficiency, per cent.............. 65 


catchpot and is boosted with a surge-type pump. The injection 

of these two hot streams produces a sharp temperature rise in the 
paste to about 630 F, thereby causing the paste to pass over the 

swelling range of the coal quickly. Also, enough hydrogen is in- 
- troduced into the paste to start the liquefaction of the coal. 

The velocity in the coal-paste preheater is an important design 
factor. For the foregoing design conditions the velocities are 
cell No. 1,3 fps; cell No. 2, 8.5 fps; cell No. 3, 9 fps; cell No. 4, 9.5 
fps. 

The velocity in the last three cells is increased owing to the 
addition of the hot gas and heavy-oil let-down. In the German 
plants, experience showed that a velocity of 15-20 fps was quite 
suitable for 4-in-ID preheater tubes. This velocity range assured 
a uniform flow of paste throughout the preheater, was under the 
erosion limit of approximately 25 fps, and did not cause an ex- 
cessive pressure drop across the preheater. 

Operating conditions for Rock Springs coal have been estab- 
lished, and various temperatures in the preheater under these 
conditions have been calculated as shown in Fig. 4. Fig. 5 shows 

| that even if some coking of the tubes should occur, only a slight 
| decrease in throughput is required to maintain tube-metal tem- 
peratures below the maximum allowable, 1000 F. 

The throughput of various coals in the demonstration plant 
will vary according to the ease of hydrogenation, and therefore 
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the design velocities in the paste preheater are purposely rather 
low, in order to accommodate coals that hydrogenate easily. The 
demonstration-plant preheater is, therefore, suitably designed to 
solve all the problems involved in experimentation with all 
varieties of American coals. 


LARGE-SCALE Pasre-PREHEATER INSTALLATIONS 


All German preheaters were of the convection type. Tubes 
were arranged vertically in the form of hairpins in narrow cells in 
which flue gas was circulated at fairly high velocity. These hair- 
pins were finned tubes with an outside:inside surface ratio of 
20:1, to compensate for the low film heat-transfer coefficient on 
the flue-gas side. Tube-metal temperatures were controlled by 
regulating the quantity and temperature of the circulated flue 
gas. 

A plan view of such a preheater is shown in Fig. 6. The 
inlet connections for heavy-oil and hot paste gas, shown in this 
drawing, indicate that the swelling range of the coal in this pre- 
heater was bridged in a similar manner to that in the preheater of 
the demonstration plant. 

All things being equal, such as duty and maximum allowable 
tube-metal temperature, the total heating-surface requirement, 
based on inside area of the high-pressure tube is approximately 
the same for the finned-tube convection-type, the radiant-type, 
or the steam-jacketed radiant-type preheater of the demonstra- 
tion plant. The reason for this fact is that the paste film repre- 
sents 80 to 90 per cent of the total resistance to heat flow; there- 
fore it is the determining factor in calculating the total surface 
requirement. The resistance to heat flow on the outside of the 
high-pressure tubes is lowered by the compensatory highly 
finned surface in the convection type, and the high-velocity steam 
flow in the steam-jacketed radiant type. A proper selection of a 
preheater for large-scale installations, therefore, must discard the 
convection type because of the added capital cost of fabricating 
the finned surfaces and the auxiliary equipment such as ducts and 
blowers. In comparing the conventional radiant type with the 
steam-jacketed radiant-type preheater, the operational features 
of the latter such as uniformity of heat distribution, prevention of 
coking, and optimum process control, must outweigh its slightly 
greater cost. It is conceivable that in the plant of the future a 
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conventional radiant-type preheater with low heat densities would 
be feasible. It can be designed along the following lines: The 
multicelled setting would take the form of a long, rectilinear box 
with hairpin tubes suspended from the roof in the center of the 
box. Firing would take place on each side of the box with short- 
flame burners and good burning characteristics, permitting wide 
variations in firing rate, with minimum percentages of excess 
alr. 


VAPorR-PHASE PREHEATER 


For the first time in coal hydrogenation at 10,000 psig, a radiant- 


type preheater is used in the vapor-phase hydrogenation demon- 
stration plant. This preheater is gas-fired, contains thirty 11/,-in- 
ID type 316, stainless-steel horizontal tubes arranged in two par- 
allel streams, and has a design duty of 1,890,000 Btu per hr. Feed 
to the prolienter consists of middle oil from the liquid-phase opera- 
tion (620 F end point), and recycle oil from the vapor-phase dis- 
tillation, which, together with hydrogen, comes from the product- 
feed prehiages with a temperature of about 780 F to the pre- 
heater. The preheater superheats the oil vapors to reaction tem- 
perature or to about 900 F. 

Design data for the vapor-phase preheater are given in Table 3. 
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TABLE 3 DESIGN DATA FOR VAPOR-PHASE PREHEATER 


Maximum design 


; conditions 
Hentiduty, Btu perjhyr.) css «> chseeeves 1890000 
Quantity input, lb per hr—vapor......... 15650 
Plot pressure, Msias se see cok kee nei Meccan 10300 
Maximum working pressure, psig......... 10300 


Pressure drop (estimated), psig........... 430 
Firebox temperature, deg F 


Flue-gas temperature leaving furnace, deg F 1200 
Heat fired, Btu per hr (max)............. 2910000 
Furnace efficiency, per cent.............. 65 


Both the liquid- and vapor-phase preheaters were furnished by 
Alcorn Combustion Company, Philadelphia, Pa. 


Heat ExcHANGERS 


The foregoing discussion shows how important it is to provide 
good heat exchange and how necessary it is to utilize fully the 
heat of reaction in the converters. The demonstration plant, 
however, was purposely not designed for maximum heat recovery, 
since the additional expense could not be justified in such a small 
plant. There are 40 heat exchangers in the plant. Thirty-one 
exchangers are designed for low-pressure service in the distillation 
and storage areas. Nine exchangers are designed for 700-atm 
operation in the liquid- and vapor-phase hydrogenation. All ex- 
cept the HOLD cooler are double-pipe exchangers, and only two 
of these high-pressure exchangers service process streams with the 
full 10,300 psi in both tubes. The wall thickness of the inside tube 
in these two exchangers is only 8 gage. It is designed for a dif- 
ferential pressure of 2000 psi so that testing and starting has to be 
done with both tubes under pressure. The other high-pressure 
exchangers are designed with full 10,300 psi operating pressure on 
the inside tube, the outside tube consisting of a low-pressure tube 
jacket in which either cooling water or low-pressure oil is flowing. 
The tube jackets are constructed of carbon steel, and the high- 
pressure tubes of 8-10 per cent chrome and !/2 per cent molyb- 
denum alloy. The HOLD cooler is a forced-draft air cooler with 
eight hairpins, made with Croloy-9M tubes, 30 ft long and 1 in, 
ID, connected in series flow. The cooling air passes downward at 
58 fps through a 64-in. X 10-in. rectangular duct enclosing the 
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hairpins. All exchangers in high-pressure service were supplied 
by Industrial Engineers, Inc., Los Angeles, Calif, 

The demonstration plant was designed in order that the follow- 
ing information may be obtained: (1) Heat balances to determine 
where the different heat quantities occur and in what relationship 
they occur; (2) the type of heat-exchange equipment most suita- 
ble for a particular heat-exchange job; and (3) determination of 
film heat-transfer coefficients and fouling factors. This informa- 
tion will be obtained on only the high-pressure equipment, since 
heat-exchange design in the low-pressure area follows conven- 
tional petroleum-refinery practice. All of the points mentioned 
must be investigated with the view of obtaining design data for 
commercial plants. As an example of the type of information to 
be obtained, a heat balance around the liquid-phase stall of the 
demonstration plant has been calculated as shown in Table 4 and 
summarized in Fig. 7. 

Although this heat balance is applicable to the demonstration 
plant, the heat ratio of the top and bottom products will be main- 
tained in commercial plants. This ratio is approximately 12,000,- 
000 : 3,000,000 Btu per hr or 4 to 1. Heat exchange can best be 
carried out on the top product. The heat balance shows that the 
heat contained in the top product is sufficient to supply the fol- 
lowing requirement: 


Heat required: 


3793) lbsper brahydrogenus ce: see ete ere 2,750,000 
20,183 Ib per hr paste (preheater)................ 6,740,000 
Total terse cicgecus oiernice vit trne acae ee cee ete ee 9,490,000 
Heat available from top product of the hot catchpot, 
SUSIE ed nao ted NAH Ge Ce acta tee SG Oo 12,280,000 


It can be seen that the heat required is only about 75 per cent of 
the heat available. The problem is how to utilize fully this heat, 
and one answer to the problem may again be found in later Ger- 
man developments. These developments introduced a heat-ex- 
change procedure in which two paste streams of different solids 
content were used. Thick paste with a total solids content of 53 
per cent was heated in an exchanger train up to its swelling tem- 
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TABLE 4 HEAT BALANCE—LIQUID-PHASE STALL COAL-HYDROGENATION DEMONSTRATION PLANT, ROCK SPRINGS COAL 


(Reference temperature, 125 F) 


~ Heat in —~ — —Heat out: 
lb per hr spec. heat At deg F M Utuperhr lIbperhr Spec. heat At deg F M Btu/hr 
Heat to cold catchpot (hot 
catchpot overhead) 
Feed preheat: (seotees Ee, 

Paste.. er 20183 0.44 (250-125) 1100 Liquid-oil product. . 10775 0.62 = 

Past IBNn gs ae 293 1.31 250-125 50 Hydrogen-gas pr oduct... 1297 0.76 (880-125) 750 

tue ges (CDF ; } Unreacted He gas............ 3375 1.31 (880-125) 3400 
Recirculated gas (H. 

By heEt pore 2 3500 1.31 (710-125) 2700 Water formed in reaction...... 660 1300 Btu per lb 860 
Preheater duty...... wae Siete (800-250) 6740 GCoolingigas (He) = sae 2220 1.31 (880-125) 2190 
Cooling gas (H2)..... 2220 1.31 (125-125) Total We. o5cce ee ee 18327 12280 
Total heat into con- Heat in HOLD (Hot catchpot 

VEreeras wel ee els 10590 bottoms) i sea. ame eenemiedrs 7869 0)..57. (800-125) 3030 
Heat of reaction...... 5600 Total: ct ncchieaectere sores 26196 15310 

Radiation lossin. erase ete 880 

Total ey earueecos er: 26196 16190 Totaloae. eee 26196 16190 


perature of 570 F. A thin paste with 42 per cent solids content 
made by diluting the thick paste with pasting oil, was heated in 
another exchanger train up to full reaction temperature with no 
difficulty. These two streams were then combined, and the re- 
maining heat supplied in a small preheater. This procedure was 
not as advantageous as it should have been because of wide fluc- 
tuations in solids content of the various paste batches due to poor 
mixing technique. 

It is anticipated in a projected 30,000-bbl per day coal-hydro- 
genation plant that a nearly perfect heat exchange can be 
achieved using a single paste with 47 per cent total-solids content. 
To do this, however, improved mixing controls must be intro- 
duced in order to insure a constant quality of paste. The prepara- 
tion of the coal must also be such that all fines are eliminated from 
the process coal. These may be burned in the power plant. The 
heat-exchange system for the 30,000-bbl per day plant is shown 
in Fig. 8. The paste flow is divided into two streams, in such a 
manner that the larger stream (approximately 75 per cent), is 
heated up in exchangers to the reaction temperature without a 
preheater. The smaller stream is heated in exchangers to as high 


a temperature as the remaining heat will allow, and further heat 
requirement is supplied with a small preheater. The extent of 
improvement by carrying out the foregoing procedure can be 
shown by comparison with conventional German design, that is, 
3 times the German throughput can be obtained with the same 
number of preheaters of smaller duty. 

Since the total heat requirement of the process can be supplied 
from the top products of the hot catchpot, the question arises as to 
how the heat from the bottom products can be used economically. 
There are several considerations as follows: 

1 In the demonstration plant, the feasibility of a flash dis- 
tillation of the heavy-oil let-down (HOLD) will be determined. 
Therefore it may be possible that in larger plants the bottom 
product of the hot catchpot may be flash-distilled without cool- 
ing. 

2 If it becomes necessary to cool the HOLD for other treat- 
ment, such as centrifuging, steam can be produced by jacketing 
the HOLD lines. 

3 If there is no need or demand for steam, the temperature 
can be lowered by a combination of air-and-water cooling. 
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There is no hot catchpot in the vapor-phase hydrogenation 
plant, and the heat of reaction is very high. Therefore a better 
heat exchange can be established in the vapor phase than in the 
liquid phase. The vapor-phase section can be operated without 
any external heat supply. Only a small preheater is necessary for 
starting-up operations. 

The heat exchangers which were used in Germany were the 
shell-and-tube type designed for 10,000 psig operating pressure 
and placed in a vertical position. The bundle was inserted in a 
high-pressure internally insulated vessel and connected outside 
by means of a stuffing box on the top of the heat exchanger. The 
paste-feed stream flowed outside the tubes from bottom to top, 
and the product inside the tubes from top to bottom. The center- 
to-center distance of the tubes was determined by fabricating 
limitations and by the composition of the paste feed, that is to 
say, by the clogging tendency of the paste to form bridges between 
the tubes. A single design and size were used in both liquid-phase 
and vapor-phase operation. The tubes of this exchanger were 
designed for the full operating pressure of 10,000 psig. The 
bundle was designed with 199 tubes, (0.55 in. ID X 0.91 in. OD), 
about 57 ft long, for use in a high-pressure vessel of 22 in. ID. 
The average heating surface was 2150 sqft. Originally, forged 
shells were used, but later designs were based upon wrapped or 
spiral-wound construction. 

In designing high-pressure heat exchangers for commercial 
plants, consideration has to be given to: (1) The thickness and 
material of the tube walls; (2) the minimum distance between 
center to center of the tubes; (3) pressure difference of the gas- 
recycle compressors, in order to determine the cross section of the 
heat-exchanger bundle; and (4) equal distribution of the product 
and the feed through the heat exchanger. 

In special cases, for instance, with the heavy-oil letdown, 
double-pipe exchangers are quite effective. The HOLD stream 
flows through the tubes and the medium to be heated through the 
annular space. These double-pipe exchangers for 700-atm design 
pressure are cumbersome, owing to the extreme wall thickness. 


Firm Heat-TRANSFER COEFFICIENTS 


Film heat-transfer coefficients of all gases increase greatly with 
pressure at constant linear velocity, as shown in the calculated 
example for pure hydrogen in Table 5. This, combined with the 
fact that the thermal conductivity of hydrogen is about 10 times 
that of other gases such as nitrogen, carbon monoxide, and carbon 
dioxide, makes for high film coefficients in coal-hydrogenation 
heat-exchange equipment. 

The principal consideration in determination of the film co- 


TABLE 5 EFFECT OF PRESSURE ON FILM HEAT-TRANSFER 
COEFFICIENT OF PURE HYDROGEN 


(os Pressure 

1 atm 20 atm 700 atm 

Standard cu ft per hr at 60 F........... 1000000 1000000 1000000 

COUT MARC cacvaqouoo se bunanan 1000000 56000 2250 

INOUE) OM Obieaee ononannn sane An econ 5320 5320 5320 

OANA, Mew EEG Ringooccn on peoondahen 0.00532 0.095 2.36 

IDTOCLIN OSs eaaranen aiica Coldro ee ah OOS OL 32.0 7.5 ibis) 

inearavelociivstpssee secre oo ions 50 50 50 

Mass velocity, lb per sec-ft2............ 0.266 4.75 118 
Calculated film heat-transfer coefficient, 

Btuper br=ft2-deg Wu... sass ose 9 115 2100 


efficient of the gas streams is the hydrogen purity, due to the 
effect of the high thermal conductivity of hydrogen on the film- 
transfer coefficient. Since the film coefficient for hydrogen-con- 
taining gases is high, especially at 700 atm, the use of the correct 
fouling factor also becomes very important. Fouling is quite 
rapid on new exchangers; therefore a film coefficient of about 110 
Btu/hr-ft?-deg F for hydrogen of 80-90 per cent purity flowing 
at a velocity of about 15 fps, is a reasonable design figure. 

Since coal paste is always heated up in the presence of hydro- 
gen, its high thermal conductivity increases the film coefficient of 
the paste. The film coefficient is highly dependent on the solid 
concentration of the paste, and also on the fineness of the pul- 
verized coal, but the fact was established in Germany that the 
film coefficient for the same paste was higher in the heat exchangers 
than in the preheater within the same temperature range. This 
effect was contributed to a better flow distribution through the 
heat-exchanger bundle. The film-coefficient values varied from 
80-120 Btu/hr-ft?-deg F in the paste heat exchangers with a paste 
velocity of 8 fps. 

Film coefficients range from 130-160 Btu/hr-ft?-deg F for mid- 
dle oil and hydrogen in the relative portions used in vapor-phase 
hydrogenation where 15 to 30 cu ft of hydrogen is used per lb of 
oil at velocities from 6 to 15 fps. This range applies after a 
few months of operation. 

The film coefficients for heavy-oil letdown (HOLD) have been 
determined from German data on air coolers. This coefficient 
varies with solids and asphalt content of the HOLD, but an 
average figure for this coefficient is 90 Btu/hr-ft?-deg F at veloci- 
ties ranging from 9 to 15 fps and at temperatures above 400 F. 

The German data quoted in this report were useful in designing 
the demonstration plant, and it is hoped that the operation of the 
plant will furnish the necessary information on all varieties of 
American coals. When these data are determined, perhaps an 
ideal heat-exchange system for future big-scale plants can be de- 
signed in both phases, and the use of both preheaters will become 
obsolete. 
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A Simple Hydrodynamic Thrust Bearing 


By F. R. ARCHIBALD,! PRINCETON, N. J. 


Considerable mathematical difficulty has handicapped 
the designer in the application of the hydrodynamic theory 
of lubrication. This difficulty arises essentially from the 
shapes assumed by the oil films. In 1918 Lord Rayleigh 
gave a detailed analysis of the simple slider bearing, 
neglecting the side-leakage effect, in which he determined 
that the greatest load capacity occurs when the slider 
element gives a stepped convergence to the oil film. From 
the simple geometry of this oil film, a solution, taking 
account of side leakage, might be obtained fairly easily. 
The author proves this to be so, and gives solutions for the 
case of rectilinear motion with finite bearing width, and 
also the more practical sectorial case of a thrust bearing. 


handicapped by the considerable mathematical difficul- 

ties encountered in the solution of practical problems. 
Even in the elementary case of a flat inclined plate of finite width, 
the solution, given by A. G. M. Michell, is so difficult as to dis- 
courage much hope for the solution of many other practical prob- 
lems. 

Much of the mathematical difficulty arises from the shapes 
taken by oil films. Therefore, if a bearing can be devised in which 
the oil film has a simple shape there is a good prospect that an 
analytical solution can be given for its performance. 

It might be thought impossible to obtain an oil-film shape 
simpler than that given by the inclined flat plate, but there is such 
a shape. At least there is a configuration much simpler to deal 
with in the lubrication problem. 

In 1918 Lord Rayleigh? gave a detailed analysis of the simple 
slider bearing neglecting the side-leakage effect. He considered 
various shapes for the surface of the slider element. After showing 
very slight improvement in the load capacity when the slider sur- 
face was curved instead of being flat, he then set the variational 
problem to find the best possible shape from the point of view of 
load capacity. The result of this analysis was to show that great- 
est load capacity occurs if the slider element is made as shown in 
Fig. 1, giving a stepped convergence to the oil film. 

The results of the flat inclined slider-bearing calculation, when 
side leakage is neglected, are well known. For a given viscosity, 
speed, length of slider, and minimum film thickness, », U, c, and 
hi, respectively, the maximum load per unit width is given by 


NS ieniasnat of the theory of lubrication have been 


0.1604Uc? 
hi? 


With the shape given by Rayleigh it is possible to have a 
maximum load per unit width of 


_ 0.2064Uc? 


max ~— 
h? 
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This is about 29 per cent greater than for the inclined flat-plate 
bearing. 

It would appear that with the simple geometry of this oil film, 
a solution, taking account of side leakage, might be fairly easy to 
obtain. This turns out to be so and solutions are given both for 
the case of rectilinear motion with finite bearing width and also 
the more practical sectorial case of a thrust bearing. 


Case Witu No Sipt LEAKAGE 


Before proceeding to the more complicated three-dimensional 
problem the case with no side leakage might be considered to ad- 
vantage. The “calculus of variations” is perhaps not familiar to 
many who may be interested in the problem, and in any event this 
method of solution is available in Rayleigh’s more elegant paper. 
Therefore the results will be obtained by the usual methods, but 
starting with the stepped-film shape. The notation will be the 
same as in Rayleigh’s paper.? 

From a consideration of the shear stress and velocity gradient in 
the film it is easily shown that 


OA lad 
Se a eS CCL hob waeAke [1] 
oy? =u dx 
Upon integrating this equation twice with respect to y and sub- 
stituting the boundary conditions; « = —U when y = 0, and 
u = 0 when y = h, the following expression for wu is obtained 
y? — hy y 
Spa I SIO avo anadooc Pe 
Qu ( t) 7 


By integrating this expression over the film thickness the flow 
per unit width is obtained as 


—Q= 


This same expression for flow in the X-direction is obtained in 
the side-leakage problem, but in this case it is the rate of flow at a 
point rather than over a unit width. A partial derivative of p 
with respect to z is also necessary in this case. Because this rela- 
tion is needed in the three-dimensional problem it will be given 
here 


1h? Op 1 
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If h is constant this equation can be integrated to give the 
pressure as follows 


The evaluation of A depends on the boundary conditions. It 
is convenient here (and more so in the three-dimensional prob- 
lem) to consider the problem for each stepped region separately. 
The co-ordinate axis being left as in Fig. 1 for region (1) and being 
moved forward by (c: + ©), i.e., to the leading edge, for region 


(2). 
For region (1) when = 0, p = Oand A = 0 
4 6uU 
een oe (H — hy)x Moh oem Malis Netindy a at acontoit= ae [6] 


For region (2), when x = 0, p = 0, and A = 0 


6u.U 
i i Hg hin) teh ee ee [7] 
The pressure given by Equation [6] when x = c; is the same as 
that given by Equation [7], when x = —c2 
6uU 6uU 
he (H hy)er => hy (H ae hz)c2 


which upon solving for H gives 


H = Ayhe(cyh2? SF Cah?) Ae bh than Ategerl [8] 
Cihe? + coh 


The load for each region is obtained by integrating the pressure 
over the areas as follows: 
For region (1) 


CL 6 U CL 3 U 
Wi = if pdx = : (H as hi) Lhe = S (7 a hy) cx? 
0 hi’ 0 hi 


For region (2) 


0 0 
6uU 3uU 
maf iE ae pe aan fi adz = —— (h,— H)cx? 
—c2 hy? ='c2 hi’ 


The total load, W = W, + W, 
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If H from Equation [8] is now placed in Equation [11] the 
load is obtained as a function of the parameters 
Iyha(cihe® + cshi?) [ cr?h2? — c2*hy3 

Cihy) + coh, hyrhe? 


W= suv] 


C27? —— =| 
hy*hy? 
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This expression for W will simplify to 


he — hy 


W = 8nU cica(cr + cz) Ghee eee 


If the total length of the bearing c = (c; + c), and the minimum 
film thickness );, are prescribed, the proportions for maximum 
load capacity can be found as follows 


and let hy = khi 


Gi = C— big 
Then 
W = 3uU cey(c — 1) (k — 1) 
he? [ere =1) Se] 
W = f(a, k) and will have a maximum when 0W/dc, = 0 
and 0W/ok = 0 
OW — 3nU c(k— 1) 
OC; u hy? 
x ed? 8) =e Gl (c 2c1) ACG 
lex(k®—1) +c]? 


For OW /dc: = 0 it is sufficient that 


[a(k? — 1) + e](e 


which will reduce to 


2¢1) AG ca)(k? —1) = 0 


OW _ 3uU exclc — ar) oo De = oe Lon 
ok hy? lex(k3i oh) Basch 


For OW /ok = 0 it is sufficient that 
a(k? — 1) + ¢— 3(k — 1)qk? = 0 
which will reduce to 


c 
een Seem 
From Equation [14] 

c = a(k'/? + 1) 
Substituting in Equation [15] 


on a(k’/* + 1) 
I > .a}43 sip PIKE 
which will reduce to 
Ak’ — 12k? -- 9k —1 = 0 
The three roots of this equation are 


k=landk =1 + 3/2 


Obviously, the required value for maximum load is k = 


1/3/2 = 1.866 
Now (¢c: + ¢2) = c, and from Equation [14] 


is 


e.(1 — 3k? + 2k) = 


With k = 1.866 these relations make c¢ = 2.549¢, 
The maximum load from Equation [12] is now found as 


2 
W = 0.2062 —— 
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These results are the same as given by Rayleigh. 


STEPPED SHAPED SLIDER 


The problem of the stepped shaped slider of finite width will 
next be considered. In this case a flow perpendicular to the direc- 
tion of motion, i.e., a side-leakage effect, has to be included and re- 
course is had to Reynolds partial differential equation for pressure 
in a lubricating film 


) Op ) op dh 
hs hs _ SC Sheek 
ox ( =) eh oz ( 2 ae dx a7] 


The scheme of the bearing is as shown in Fig. 2. 


va 


The region in which h is constant at h; is called region (1), and 
the region in which h is constant at he is called region (2). The 
X-Z plane is taken as the flat moving element having a velocity 
—U as shown. It will again be found convenient to use two co- 
ordinate systems. For region (1) the co-ordinates are as shown, 
but for region (2) they will be moved forward so that the Z axis is 
on the leading edge of region (2). 

If his constant, the right-hand side of Reynolds equation is zero, 
and h? can be divided from the left-hand side leaving 


ap O_o 
Ox? Oz? 


This is the Laplace partial differential equation. 

An interesting incidental result can be obtained at this stage. 
Consider a rectangular flat plate being moved parallel to another 
flat plate and separated from it by a fluid film of thickness h, Fig. 
3. 


In this case Equation [18] applies. However, if Laplace’s 


Fi 
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equation applies to a region, on the boundaries of which the func- 
tion is everywhere zero, the only solution is zero, i.e., p = 0 is the 
solution to the pressure equation in this case. This is a well- 
known result and is not of course restricted to a rectangular 
shape. 

To return to the problem of the stepped slider. The pressure 
on the exterior boundaries of regions (1) and (2) is zero, but on the 
common boundary the pressure is not known. It is assumed that 
the pressure on this common boundary is given by the following 
Fourier sine series 


N= 1,3)5e°- 


The summation is over the odd values because of the symmetry. 
P,, is the Fourier coefficient to be evaluated later. 
The general solution for p can be put in the following form 


pS > (4, cos ae + B, sin =) 
n= 1,3,5e++ b b 
(c, cosh oa + D,, sinh me +O ncenen {20] 

The boundary conditions for region (1) are 

p = Oatz = 0 for all values of z..... I 

p = Oatz = 0 for all values of z..... II 

» = Oatz = Od for all values ofz..... Ill 

OS Paine ae rete ees IV 

. b 
n= 1,3,5++° 


From conditions I and II, A, = C, = 0 
From condition IV 


foe} @o 
. nwre _ nre . . nrc, 
IBS sin Ee = B,D, sin ae sinh a 
n= 1,3,5+++ n= 1,3,5-+ 
P,, 
-. BAD = poe 
: 7Cy 
rel) ——— 
b 
foo} 
12 Whi. 
ip = —— sin ; sinh oe [21] 
n= 15,5" sinh ——— 


For region (2) a solution of the same form as Equation [20] is 
taken 


foo} 


p= > Ei, cos hee + F, sin Heal G,, cosh mits 
b b 
n= 1,3,5-++ 


+ H, sinh ae [22] 


The boundary conditions are 


p = Oat = 0 forall values ofz...... I 
p =Oatz = 0 for all values ofz..... Il 
p =Oatz = b forall values of z..... Ill 

Psi a ata = —c...1V 
n= 1,3,5-+ 


3s 
ll 


From conditions I and II, #,, = G, = 0 
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From condition IV 


@ 


_ nwz . nme . . NTCe 
P,, sin Scheie! FH, sin ice 
n= 1,3,5°" n= 1,3,5++" 
P,, 

decor nne 

° 2 

Sia 

b 
foe) 
12. Anca 
p= ——*— sin — sinh ™™__.. [23] 
NTC2 b 


n= 1,3,5* sinh —— 
b 


In order that the pressure be calculable the Fourier coefficient, 
P,,, must now be evaluated. This is done by making use of the 
principle of continuity. At any point on the common boundary 
it will be seen that the rate of flow out of region (2) is the same as 
the rate of flow into region (1). The rate of flow in the X-direction 


is given by Equation [3a] 


The equality of the rate of flow for both regions at the common 
boundary is expressed as follows 


Uh hie [0 Uh he? [Oo 
are) = Hel Mt (20) Boyt [24] 
2 12u Ox C1 2 12u Ox —c2 
The partial derivative, 0p/Ooz, for regions (1) and (2) must now 
be evaluated at x = c; for region (1), and at.x = —c, for region 
(2). 
For region (1) 
ous or 
op iy nrz NEE 
—_—_ = sin oy COSR === 
Ox n= 1,3,5** sinh Wee 
Op nme, , nme 
ae = = ; P,, coth ergs ube . . [25] 
LEN on RA b 
For region (2) 
© as Ip 
op b nT ane 
ees HE sin a cos Tie 
On n= 1,3,5* sinh pee 


foo} 


re} 
4 ( 4) = — ES coth i sin ae .. [26] 
hed n= 1,3,5+° 


dz b 


Equation [24] is rewritten using the values of 0p/dz from Equa- 
tions [25] and [26] 


foo} 


a ST Peat 2 sin ME = Uh 
PB n= 1,3,55 b 2 
fat y n nme: nmZ 
w m2, ue 
aie ig P,, coth p Se [27] 
n=1,3,5 


which can be rearranged as follows 


a | ER (1 coth te + he? coth sae, sin 

z b b b 

n= 1,3,5 
= 6u U he Pa af hi) Pet OAKO 0 [28] 
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The right-hand side of Equation [28] is expanded in a Fourier 
sine series by use of the standard sine series for 7/4 


ao 


ed P,, \ hy? coth Cao + hy? coth ae sin ee 
b b b b 
n= 1,3,5"" 
4 2 
= > 6uU (hp — iy) — sin a 
ae oe Re. 


The Fourier coefficient, P,, is thus 


24u Ub(he Te hy) 


P= 
nn? (wm coth aa + hz* coth ea 


The pressure can now be calculated at any point by placing this 
value of P,, in the pressure Equations [21] and [23]. However, 
the total load on the bearing is of more interest, and this is easily 
found. The load supported by region (1) is called W, and the load 
supported by region (2) is called W. 


6 C1 
Wi= i NE nee 
0 (0) 


Evidently 


e = JB nr 
Wy = i i > —"_ sin sinh dadz 
Os Ope beatae b 
e b 1, ne 
= =a PCOS = — Neri 
0 n= 18,5509" sinh ne 
b 
202P,, 
.Wi = ( an 1)... 130) 
N=11y8)5-- 4272 sinh re b 


Again, for region (2) 


b 0 2 P 
NTS, NTL 
W2 = af — : ——— sin oe sinh —— dzdz 
Dm oe benh b 


inh —— 
b 


b foo} 
= b JE nce re 
vf = cosh is) singe 
0 n= 1,8,5¢+ nr ants NTC2 b , 
b 


2b2P,, 
. W. = (< h — — ol 
DR Acta Lae 
The total load, W = Wi + W2 
Then 
NrCy NImC2 
he Noe 
ob, cos 1 cosh D 
Lie nn? NTC n 
n= 1,3,5++ sin are sinh ~ 


By use of standard relations for the hyperbolic functions, W 
can be rewritten as 
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27-2 
n= 1,3,5+5 uu 


nh ~ = vt ihe tanh =m) 
If P, from Equation [29] is substituted, the load is obtained 
as 


N1C2 


tanh a tanh —— 


48uUb3(hz — hi) mh 
nt 
N=1,3,5  fy8 coth — Sh geht h23 coth — 


i= 


a’ 


The foregoing solution applies to a rectangular slider having 
uniform rectilinear motion. This simplified problem is a logical 
first step because the mathematical work is more likely to be 
soluble. The result is also useful for comparison with the results 
of Michell’s solution for the inclined flat-plate bearing. How- 
ever, a more practical solution is possible, and this will be given 
before discussing the implications of Equation [32]. 


STEPPED SECTORIAL SLIDER 


Instead of the stepped rectangular slider consider a stepped 
sectorial slider as shown in Fig. 4. 


Fie. 4 


With such a configuration, it is natural to adopt plane polar 
co-ordinates. Laplace’s equation, that is Equation [18], in 
polar co-ordinates becomes 

1 Op 


0p Aumo29 
= (J) 
or? e Te OG" 13 r Or 


A new variable is introduced by letting r = rie?, where 7; is the 
inner radius of the sector and p is the new variable. Clearly, when 


r = 7,,p = 0, and whenr = 72, p = p2 = log r2/n 
If the new variable p is substituted, Equation [33] becomes 


0p 0p 
Op? 062 


The solution now proceeds on almost exactly similar lines to the 
rectangular case. It is assumed that the pressure on the common 


boundary is given by 


The question of what values of n are to be used in the summa- 
tion is left open at this stage. It is fairly evident from the physical 
situation that the curve will not be symmetrical. 

As in the previous cases, it is convenient to use two co-ordinate 
systems. For region (1) the zero of 0 is taken through the trailing 


macs 
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edge of the slider. For region (2) the zero of 6 is moved forward to 

the leading edge of region (2). The equations for pressure in 

regions (1) and (2) are obtained by the same methods as for the 

rectangular case and are identical in form. They are as follows: 
For region (1) 


. [82] 


Pe xo 
oi ys Bere [36] 


n sinh — p2 


For region (2) 


12. n P nO 
p=— ) Be oh (37] 
nO, p2 p2 


n sinh —— 
pP2 


To calculate the Fourier coefficient P,,, it is necessary to use the 
rate-of-flow relation given by Equation [8a]. But now this must 
be expressed in polar co-ordinates. The rate of flow in the tan- 
gential direction is then 


“2 12Qur 28 


where —w is the rotational speed of the moving element. 
On making the substitution r = me? this equation for flow be- 
comes 


wryePh hi op 
2 12uryje? 00 


Set ay mere [39] 

The evaluation of 0p/06 at the common boundary is exactly 
the same as for the rectangular case and need not be repeated. 
The equality of the rate of flow out of region (2) into region (1) at 
any point on the common boundary, therefore, can be written 
down directly from Equation [39] and by analogy with Equation 
[27] 

wryePhy h,3 nrp w7re?he 


: 6 
= SE <P, coth sin 
2 12urye? atc Pe p2 p2 2 


=> - nO Peek “mp 
hee jes COuley —— 


which can be rewritten as 


n nro nr. , np 
> fel Pe (1 Cotes ae he? coth me sin 
ee pe p2 p2 


= 6uwre??(hg—hi)...... [40] 


The factor e? can be expanded in a Fourier series as follows 


oo 
= petit) 
= > Jee Shay —— 
- p2 
p 
2 ; . np 
= — e2P sin’ ——‘dp 
P2 (0) p2 


Upon evaluation of this integral, K, is given for all integral 
values of n as 
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Qnm[( — 1)" Fe? + 1 
peal eB ORE [41] 
nx? + Apo? 
Equation [40] can be written 
nT nO, nrb,\ . nmrp 
— P,, \ hi? coth — + h»3 coth —— ] sin — 
pe pe pe p2 
n 
. Nmp 
= > Guwrs2(he — hy) K, sin —...... [42] 
pe 
n 


This can be solved for P, and gives, when K,, is substituted 


from Equation [41] 
12pery2p2[( — 1)" +e? + 1] (he — Ma) 


(n2ar? + 4p2?) | coth nas + he? coth sl 


P,= [43] 


p2 p2 


The pressure can now be found at any point of region (1) or (2) 
by use of Equations [36] and [37]. But, as in the rectangular 
case, the load is of more interest and is readily obtained by in- 
tegrating over the areas. As before, W; will refer to the load sup- 
ported by region (1), and W» will refer to the load supported by 


region (2). Then 
r2 Gi 
= if i prdedr 
"1 10) 
p2 M1 
= / priePderiePdp 
0 0 


Vex. 5. Wun nO 
e?? sin 
. , ni; p2 p2 


sinh dpdé 
a |) —= 
pe 
© AP p2 . Tp 
pe a cosh 7 _ 4 ef sin — dp 
= p nw; nT p2 p2 
0 Sinha 


© 
AP p2 


= S pay ee nr6; nr re i ‘) 


2 


6. 
(cos hares 1) 
p2 


Since 7 may be even or odd, this can be written as 


oe _, [44] 


pe 


ae Ge Daal (co 

27-2 a] 

q eS 8 ‘) sinh —— 
pe 


p2 


In the same way Ws is given as follows 


Pe 0 2 P 9 
5 Wn ne, as 
= i if aa > ae e7? sin — sinh — dpdé 
0 —62 ‘ NT02 p2 p2 
ie Sila = 
p2 
foo) 


os W2 = hele IK = 1s e2P2 at 1] («os 
27-2 
- c eis ‘) sinh @™%2 
p2 


ja ae 1) [45] 
p2 
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ic io ‘) 
pat 


nO, 


6. 
=f) scohe eee 
p2 ae p2 


cosh 


nO 
Siney —— 
p2 p2 


nr, 


sinh 


Placing in the value of P,, from Equation [43] and making use 
of the standard hyperbolic relations, W can be written as 


2 
(— pees e7e2 + | 
= 12ur;4p2* (he — hi) ; Zi na? + Apo” 


tanh + ta nh 


nO 


2p2 


ne 


hy? coth a + he® eoth — 
PA 


But 2°? = (r2/r1)2, and p2 = log re/n 


ye — 1)"*+1,,2 2 
LW = 120 (1 a) (he —- hy) Ge VEY Ee sy 
r 


2 
n nn? +4 Ce =) 


a0) 
tanh Hise + tanh cae = 
2 T2 
log 6 log (°) 
r) T1 
x 
3 nO 
log a log 2 
A RR NA rec [46] 


It is now a fairly easy matter to obtain the relations for the 
quantity of lubricant passing through the bearing and also to find 
the force and torque on the bearings. Since these are matters of 
secondary importance only the final formulas will be given. 


Force Requirep To Move Fuat ELEMENT IN RECTANGULAR 
BEARING 


For the rectangular bearing, the force required to move the 
flat element is given by 


pe dom a 4, 24 uUb%(he = hn)? 
hy ho 3 


ce n= 1,3,5-° 
i} 
ae Pea [47] 
n> G coth se + he’ coth =) 


The quantity entering at the leading edge is 


Uhab 4 Ubh23 (he — hi) 1 


2 a? 


Q2 = 


n= 13,5" EAS 


n? sinh 
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WTC? 


hi’ coth wel + hy? coth 


The quantity leaving at the trailing edge is 
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GN Ce . 
Q = e+ ee eb ohaae, 
® n= 1,55" 92 sinh met 
b 
1 


ha? coth - Ho h,* coth as 


The side leakage can be obtained by difference. 

For the sector bearing the corresponding quantities are as 
follows: 

The torque required to turn the bearing is given by 


or (P24 — 14) ( A 3 re \? 
T= —— |— + — 62(he — hy)? log — 
4 a i + 6r(he 1)? ww og S 


The lubricant entering at the leading edge is given by 


wh (12? Ht) 


Q2 = i 


ois (10g ") NG ant eee) 
1 


foo} 


the inclined-plane bearing. But if the best proportions are used 
it is about 3 per cent more effective. The 29 per cent improve- 
ment, obtained when side leakage is neglected, is reduced so that 
the bearing is only slightly better than the inclined-plane bearing 
in this respect. The side-leakage effect is no doubt aggravated 
because the large film thickness extends into the highest-pressure 
region, and thus offers an easier means of escape for the lubricant. 
If the bearing is made wider it gradually gains on the inclined- 
plane bearing and tends to approach the value given by Equation 
[16]. If it is made narrower it gradually gets less than the in- 
clined-plane bearing. 

A way in which the bearing could be improved to some extent 


= ys Pe ae tee |e 1 


The lubricant leaving at the trailing edge is given by 


wh; (r2? a 112) 


Qi = z 


2 
+ 2w (10g 4 hy3(he — hy) (2? a 1”) x 


co 


r2\2 0 6 
n nn? + 4 (1 5) hy? coth be + hz? coth ye 
vr) r2 T2 
log — log — 
T1 ri 
Rehces [50] 
1 
T2\2 nw nr nme \) 7 bY 
n= TE] te + 4 (108 :) sinh Bees h,? coth - z + ho? coth : 
ry ro 12 T2 
log — log = log - 
T1 T1 iat 
> 1 
r2\2 nO nr ViO\ meal [52] 
n= Tabe| nie +4 (1 ;| | sinh : hi? coth —— + hz? coth : 
T1 re rT: T2 
log — log — log — 
T1 11 Ty 


The side leakage can be obtained by difference. 

It will be observed that the series in Equations [32] and [46] 
converge very rapidly. For a square bearing a single term gives a 
result within 1 or 2 per cent of the actual value. The series for the 
sectorial bearing will converge somewhat less rapidly. For a 
“square” shape (i.e., the mean are length equal to the radial 
depth), a satisfactory value can be obtained with 3 or 4 terms. In 
both cases the convergence becomes less rapid as the bearing be- 
comes wider with respect to its length. 

Equations [12], [32], and [46] give the load that can be sup- 
ported on a bearing having the stepped-film shape. The con- 
ditions for a maximum of Equation [12] are fairly easily found, 
and this maximum is given in Equation [16]. The same device if 
applied to Equations [32] and [46] leads to great complication, 
and the method of trial is easier. It is found that the proportions 
for maximum load when side leakage is neglected are not the best 
proportions for a bearing of finite width. The values for the case of 
no side leakage were, h2 = 1.866h; and c¢, = 2.549 c;. For asquare 
bearing, it is found that the best values are, approximately, hz = 
1.7h; and c, = 1.2c, However, the load capacity is not very sensi- 
tive to changes in the vicinity of these values. 


ComMPARISON OF Loaps Wits MicHEeiu Fuat-PLate BEARING 
Loaps 


It is interesting to compare the load given by Equation [32] for 
a square bearing to that given by Michell for an inclined flat plate. 
If the proportions given in the foregoing for the case of no side 
leakage are used, the bearing is about 6 per cent less effective than 


would be to make the stepped element as shown in Fig. 5. Sucha 
shape would add to the mathematical difficulties and would be 
somewhat harder to produce unless it were etched. Probably the 
matter of increasing the capacity is not very important in prac- 
tice as the loads that arise are already being taken by tilting- 
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block bearings of reasonable size, and it has been shown that these 
bearings are not quite as effective as the stepped arrangement. 
An interesting conclusion can be drawn from Equations [82] 
and [46] by inspection. It will be recalled that the hyperbolic 
tangent approaches unity for quite small values of its argument. 
For example, tanh 3 = 0.99505 and tanh 5 = 0.9991. It is clear 
that if all other conditions are held constant, the load capacity is 
not increased appreciably by an increase in the length of the 
bearing beyond a certain point. This has particular significance 
in the case of a sector bearing because here there is a limit to the 
angle that can be subtended by a sector, viz., 360-deg. Thus if 
the ratio of outer to inner radii is 2, a pair of 180-deg sectors would 
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support almost exactly twice the load that could be carried by a 
single 360-deg bearing, other conditions being held constant. 
Also, three 120-deg sectors would be almost exactly 3 times as 
effective as a single 360-deg bearing (oil passages are neglected for 
simplicity in discussion; their influence would be small for large 
sectors). Obviously, there is a point at which this process of 
division would start to give a diminishing return. This could be 
fairly easily determined if the sector radii and oil-passage space 
were prescribed as well as the conditions of speed and viscosity. 
The matter is a little complicated by the fact that for each new 
angular condition the ratios of 42 to 6; and hz to i, will change for 
best conditions. However, a very good result would be obtained 
by holding these ratios constant at some reasonable value until 
the best number of sectors was found, and then making a more 
careful calculation in this vicinity to find best conditions. 


CoNncLUSION 

The stepped-bearing arrangement has a good deal to recom- 
mend it in practice although there are two matters which are not 
especially in its favor. The bearing does not have any great ad- 
vantage in load capacity over the inclined-plane bearing, and it is 
restricted to one direction of rotation. Offsetting these matters is 
its great constructional simplification over the tilting-block bear- 
ing, or even over those bearings in which the taper is machined 
into one of the elements. In addition, the fairly simple explicit 
equations for the load offer some advantage in design where the 
influence of each parameter is fairly easy to see and can be 
checked quite readily. It is true that viscosity has been taken as 
constant, and this can be quite misleading. However, there are 
ways of estimating the change in viscosity through the bearing, 
and a mean value seems to give fairly good results. In this re- 
spect the solution is no worse than others. It should be possible 
to apply this bearing to a great many thrust problems and in par- 
ticnlar to those cases where space considerations are of im- 
portance. 
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Some experiments of a semiquantitative nature have been 
made with bearing models. It is well known that precise results 
by this means are rather difficult to obtain. However, reasonable 
agreement was found. An air-lubricated model in which the step 
height, i.e., (2 — h1), is about 0.00005 in. has been made and is 
entirely successful. Lord Rayleigh describes a simple test he 
made of the scheme in his paper.? 


Discussion 


f J. R. Menxn.* The author has presented a useful extension 
of Lord Rayleigh’s calculations and has done a service in calling 
more general attention to this relatively unappreciated paper. 
The writer’s attention was drawn to the paper in 1943-1944 
by John E. Viscardi and Mayo D. Hersey with a practical 
result. 

The author remarks in his discussion upon the behavior of the 
hyperbolic tangent terms in Equations [382] and [46]. This 
behavior is hardly surprising in the physical sense, indicating 
only that side leakage as usual reduces the advantage of increas- 
ing length in long, ‘‘thin” (i.e., not wide) bearings. 

Fig. 5 of the paper indicates an interesting improvement, and 
one wonders about the estimated extent of thisimprovement. Is 
a large part of the potential 29 per cent gain over inclined-plate 
bearings feasible? Tests on this point should prove worth 
while. 

The bearing examined is evidently simple in two respects; it 
can be readily understood and it can be manufactured cheaply. 
With such advantages and its indicated performance one might 
expect some industrial acceptance after these thirty-odd years 
since Lord Rayleigh’s paper. 


3 Nuclear Development Associates, Inc., New York, N. Y. Jun. 
ASME. 
4 Author’s reference (2). 


Density-Pressure Relationships for Two 
Low-Viscosity Dimethyl! Siloxanes 


By S. B. GUNST,! PITTSBURGH, PA. 


An instrument used to determine liquid compressibili- 
ties is described? as is its use in the determination of 
density versus pressure for hexamethyldisiloxane and octa- 
methyltrisiloxane. Results at pressures to 10,000 psi, and 
at temperatures to 200 F for the hexamethyldisiloxane and 
to 300 F for the octamethyltrisiloxane are shown. The 
densities are precise within 0.3 per cent. 


INTRODUCTION 


Lé NHE dimethyl] siloxanes are members of the group fre- 
quently called silicone liquids (1, 2, 3). They are heat- 
stable, chemically inert compounds (4). Their stability 

and small viscosity change with temperature suggest their poten- 

tial excellence as viscometer-calibration standards, the objective 
which prompted this investigation. 

In the rolling-ball viscometer (5), an instrument used for the 
determination of absolute viscosities of fluids at elevated pres- 
sures, the densities of the fluids under test conditions must be 
ascertained. This investigation was undertaken to determine 
the density-pressure relationships for two dimethyl] siloxanes, 

For mineral oils the density-pressure equation of Dow and 
Fink (6) has given satisfactory results; but for silicone liquids, 
in so far as is known, little experimental work from which such 
relations may be derived has been published (7,8). Although the 
results of this investigation on only two silicone liquids are 
insufficient to yield a density-pressure equation for all silicones, 
they should be useful for the liquids tested, and subsequent work 
may lead to a density-pressure equation for silicones corresponding 
to that of Dow and Fink for mineral oils. 


DESCRIPTION OF APPARATUS 


For this investigation it was necessary to design and build an 
instrument for making measurements from which the compressi- 
bility of a liquid could be computed. A search of the literature 
(9, 10, 11) showed the many difficulties and attendant uncer- 
tainties experienced by the early investigators, and it is believed 
the instrument embraces the best principles of design known at 
this time. The pressure joints are self-sealing; the expansion of 
the pressure vessel is irrelevant; the test liquid is contained in a 
thin-walled, commercially available brass bellows, whose spring 
constant and bulk compression are negligibly small, and whose 
free end is unhampered by any sliding surfaces with their attend- 
ant friction; the instrument demands no calibration with a liquid 
whose compressibility is known; and it is continuously reading 


1 Gulf Research and Development Company, and University of 
Pittsburgh. 

2 Additional details can be found in a University of Pittsburgh 
thesis by the author. 

3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Research Committee on Lubrication and the 
Petroleum Division and presented at the Annual Meeting, New York, 
N.Y., November 27—December 2, 1949, of Taz American Society or 
MercHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. Paper No. 49—A-91. 


so that a single charge of sample liquid within the bellows suffices 
for all pressures and temperatures encountered in this investiga- 
tion. 

A cross-sectional sketch of the instrument, hereafter referred 
to as the “compressibility meter,” is shown in Fig. 1. The brass 
bellows 1, soldered to brass plugs 2 and 3, is filled with the test- 
liquid sample. The sample is trapped in the bellows by a steel 
taper pin 4, and a steel contact plate 5, which seals by compress- 
ing an aluminum gasket 6. The upper end of the bellows is held 
fixed by threading the upper plug 2 into the steel end plate 7, which 
is positioned in the steel pressure housing 8 by a steel end screw 9. 
A bakelite bushing 10, electrically insulates the brass bellows 
housing 11, with its brass micrometer spider 12, and steel microm- 
eter screw 13, from the bellows. Adjustment of the micrometer 
screw is accomplished by turning the graduated brass knob 14. 
This turns a steel shaft 15, whose three steel fingers 16, engage the 
bakelite fluted coupling 17, attached to the micrometer screw. 
A steel spring 18, takes up the micrometer-screw backlash, and a 
thrust bearing 19, takes the load on the head of the shaft 15, 
resulting from internal pressure applied hydraulically inside the 


: | 4 
3 el hate 
| F roel 8 
Za: ; 
H oN: f | 
Siem H why 
H TASS cp H 
= cea 4 
25 H | 
26 ia al sh AS ee 10 
27 N. eel a ay 
' H N) fey 
Ng SE 
Ne NI : 16 
' N f ee 5 
28~_| N: ce 12 
| 3 
| reed —I7 
CUBINT Tae —I6 
e : ( bit is 
| | eae 9 
aN \\ 
EH 2 
s z : f SO 2 
/ iA 
| | jauoouoasa000) 14 
22 | | 
‘fae 
y] 
/ 
fi 
y J fo) 2 Sues 5 
H.-J el aloe ee alla 


SCALE IN INCHES 


Fig. 1 Secrronat DiaGRAM OF ComPRESSIBILITY METER 
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pressure housing through the inlet 20. Three equally spaced 
annular slots in the top plate of the jacket 21, permit the admis- 
sion of liquid into the jacket, and the immersion in this liquid of a 
strip heater, a stirrer, a thermoregulator, and a thermometer. 
Three steel legs 22, support the compressibility meter on a suita- 
ble workbench. Synthetic-rubber O-rings 23 and 24, serve as 
self-sealing gasket and packer, respectively, and a nylon bush- 
ing 25, serves both as a self-sealing gasket and an electrical insula- 
tor for the contact pin 26. A fiberglas-insulated wire 27, connects 
the contact pin to the bellows housing 11. 

When the micrometer screw 13, is made to contact the contact 
plate 5, electrical connection is effected from the contact pin 26, 
to the bellows housing to the micrometer screw to the bellows to 
the pressure housing. Thus a suitable electrical indicator con- 
nected between the contact pin and the pressure housing will 
indicate contact between the contact plate and the micrometer 
screw. The micrometer screw has a major diameter of !/,in. and 
40 threads per inch. One turnadvances the screw 0.025in. Fifty 
graduations on the circumference of the knob 14, permit direct 
readings corresponding to a micrometer-screw advance of 0.0005 
in. and estimations to 0.0001 in. With a suitably sensitive 
indicator, therefore, the variation in bellows length can be meas- 
ured to 0.0001 in. 

Hydraulic pressure, applied by means of a free-piston gage 
(12), commonly called a “dead-weight tester,” is transmitted to 
all parts inside the pressure housing—to the bellows via six axial 
holes in the micrometer spider 12, and four axial slots (not shown in 
Fig. 1) in the bellows housing 11, and to the top of the taper 
pin 4, sealing the top of the bellows via four radial holes in the 
collar of the end plate 7. The application of pressure to the 
outside of the bellows compresses the test-liquid sample within 
the bellows and results in a decrease in bellows length, which can 
be measured as previously indicated. 

In order to decrease heat loss, asbestos steam-pipe insulation 
28, 11/2 in. thick, blankets the compressibility meter so that only 
the legs, the knob, the pressure inlet, and parts of the thermom- 
eter and temperature-control apparatus are exposed, 


ANALYTICAL CONSIDERATIONS 


Measurements of a variation in bellows length can be used to 
calculate the change in density of a test-liquid sample. For a 
mass m of liquid occupying a volume V the liquid density is given 
by 


With atmospheric-pressure conditions denoted by a subscript 0, 
an isothermal change in density because of a change in pressure is 
given by 


Vo— V 
Ap = p— ps = (m/V)—(m/Vo) = PA. 12) 
Let V = Vo + AV and Equation [2] becomes 
Fe oe mAaV Ey Po 
“ Vo(Vot+ AV) = (Vo/AV) +1 
Se [3] 


~ ~~ (m/podV) + 1 


Tests to determine the change in bellows volume with change 
in bellows length at constant temperature and pressure showed 
that AV = AAL, where AL is the change in bellows length and 
A is a constant, obviously the effective cross-sectional area of the 
inside of the bellows. Equation [8] can therefore be written 
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A ee Po 
Ap = (aio ACA EEA ke ee (4] 


from which the isothermal change in density resulting from a 
change in pressure can be calculated if all quantities on the right 
are known. 

A graph of Ap or p versus pressure p can be used to calculate 
the isothermal compressibility & of a liquid if desired. With iso- 
thermal conditions designated by a subscript 7, k is given by 


i Ose 
1 V \op /r V \op/ 2 \% /r p \Op/r 


if Op 
= |) Oe ee 5 
(po + Ap) hen a 


Since the slope of the graph of Ap or p versus pressure at any 
pressure is (dp/O0p)z, readily obtainable by graphical differ- 
entiation, & can be calculated. 


Test Mretuops AND RESULTS 


Preliminary investigations were made in order to establish 
methods for temperature measurement and control, to deter- 
mine the effective cross-sectional area of the bellows, and to 
ascertain the effect of cubic compression of the various parts of 
the compressibility meter on bellows length measurements. The 
latter was found to be negligible. 

The two liquids investigated were hexamethyldisiloxane and 
octamethyltrisiloxane, referred to by one manufacturer, the 
Dow-Corning Corporation, as DC-200 silicone fluid, viscosity 
0.65 centistoke at 25 C, and DC-200 silicone fluid, viscosity 1.0 
centistoke at 25 C, respectively. Equation [4] was used to 
calculate change in density Ap for various temperatures and 
pressures. 


1 The density po: 

The density po at atmospheric pressure and test temperature 
was obtained from hydrometer tests by chemists at the author’s 
laboratory and checked with the results of Hurd (3). 


2 Effective bellows cross-sectional area A: 

The cross-sectional area A of the bellows was found to be 
essentially independent of bellows length and pressure. The 
value of A of 0.764 sq in. determined by test at 75 F was used 
and corrected for thermal expansion, using a handbook value 
for the expansivity of brass. 


3 The mass m of liquid filling the bellows: 

Anticipated difficulties in filling the bellows with a test sample 
of liquid to the essential exclusion of air were easily overcome. 
The bellows assembly, with the taper pin removed, was immersed 
in an oil bath until only 1/3 in. of the bellows taper-pin plug was 
exposed. The bath was maintained at a temperature above the 
maximum test temperature of a specific test liquid. A long- 
necked eyedropper inserted through the taper-pin hole was used to 
fill the bellows with test liquid. A glass stirring rod was used 
to agitate the bellows convolutions in order to rid them of air 
bubbles. The bellows was kept constantly filled by means of the 
eyedropper. After all evidence of bubbling through the taper-pin 
hole had ceased, the taper pin was driven into the taper-pin hole, 
thus sealing the test liquid within the bellows. 

The mass m of test-sample liquid is the difference between the 
filled-bellows mass and empty-bellows mass obtained by the 
double massing method (13) with appropriate corrections for air 
buoyancy. The bellows assembly was carefully cleaned and dried 
prior to all mass determinations. 

Only one filling of the bellows was necessary for all tests made 
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on each of the liquids and their corresponding masses were as 
follows: 


Hexamethyldisiloxane mass m 
Octamethyltrisiloxane mass m 


13.630 grams 
13.575 grams 


4 Isothermal change in bellows length AL versus pressure: 

Measurements of variation in bellows length at pressure inter- 
vals of 100 psi from 0 to 500 psi (gage), and at intervals of 500 psi 
from 500 to 10,000 psi (gage) were made for the two liquids at the 
following temperatures: 
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Hexamethyldisiloxane 76.0, 100.0, 149.9, 200.0 F 
Octamethyltrisiloxane 77.5, 100.0, 150.0, 200.0, 250.0, 300.0 F 


(At an absolute pressure of 760 mm Hg, the liquids have the 


following approximate boiling points: 
211 F; octamethyltrisiloxane, 306 F). 


0.000 


-0.040 


FZ 


i] 


-0.080 


-0.120) 


-0.160) 


ZAPATA ES 


VARIATION IN BELLOWS LENGTH IN INCHES 


onl 
a 
“ 
ras 
Ss 
= 
a 
red 
ne 


-0.200} 


aie 


-0.240 


veal 
bao 
bsg 
boat 
fed 
Fe 
rm 
Pe 
e 
bs 


Hexamethyldisiloxane, 


| ie 
[EEA Am eee ees 


2 


8000 10000 


PRESSURE IN POUNOS PER SQUARE INCH 
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TRARY ZpRO aT EAcH TEMPERATURE VERSUS GAGE PRESSURE FOR 
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TABLE 1 CHANGE IN DENSITY VERSUS PRESSURE FOR HEXAMETHYLDISILOXANE 
mass m = 13.630 grams 
PROTA | Wiavs. eve scoisseesraersestass. eo 76.0 100.0 149.9 200.0 
AS SOUIN Noo aieus cin wie esrarere eae 0.764 0.764 0.765 0.766 
po, gram per cucm........ 0.7634 0.7496 0.7194 0.6883 
Gage 
pressure, AL Ap AL Ap AL Ap AL Ap 
psi in. gram per cucm in. gram per cucm in. gram per cu cm in. gram per cucm 
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
500 —0.0085 0.0046 —0.0105 0.0055 —0.0130 0.0062 —0.0190 0.0084 
1000 —0.0160 0.0087 — 0.0200 0.0105 —0.0255 0.0123 —0.0365 0.0163 
2000 —0.0310 0.0169 —0.0370 0.0196 —0.0480 0.0236 —0.0655 0.0298 
3000 —0.0440 0.0243 —- 0.0520 0.0279 —0.0665 0.0331 —0.0895 0.0414 
4000 —0.0560 0.0312 —0.0655 0.0354 —0.0825 0.0415 —0.1090 0.0511 
5000 —0.0675 0.0379 —0.0780 0.0426 —0.0965 0.0491 —0.1260 0.0597 
6000 —0.0775 0.0438 —0.0895 0.0493 —0.1090 0.0559 —0.1410 0.0676 
7000 — 0.0865 0.0492 —0.0995 0.0552 —0.1205 0.0623 —0.1555 0.0753 
8000 —0.0950 0.0544 —0.1090 0.0609 —0.1310 0.0683 —0.1690 0.0826 
9000 —0.10385 0.0597 oO) Ss 0.0660 —0.1405 0.0738 —0.1820 0.0898 
10000 —0.1110 0.0643 —0.1255 0.0709 —0.1495 0.0790 —0.1940 0.0965 
TABLE 2 CHANGE IN DENSITY VERSUS PRESSURE FOR OCTAMETHYLTRISILOXANE 
mass m = 13.575 grams 
Nostoyy dU kereee eeeenn cree Vlad 100.0 150.0 200.0 250.0 300.0 
PANGS QUAM ste ote cco attiees 0.764 0.764 0.765 0.766 0.767 0.768 
po, gram percucm.. 0.8171 0.8046 0.7767 0.7479 0.7188 0.6900 
Gage Ap Ap Ap Ap Ap Ap 
pressure, AL gram per AL gram per AL gram per AL gram per AL gram per AL gram per 
psi in. cu cm in. cucm in. cu cm in. cu cm in. cucm in. cucm 
0 0.0000. 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
500 —0.0065 0.0040 —0.0080 0.0048 —0.0110 0.0062 —0.0140 0.0073 —0.0195 0.0094 —0.0275 0.0123 
1000 —0.0130 0.0081 —0.0155 0.0094 —0.0210 0.0119 —0.0275 0.0145 —0.0365 0.0179 —0.0510 0.0233 
2000 —0.0255 0.0160 —0.0295 0.0180 —0.0885 0.0221 —0.0505 0.0271 —0.0660 0.0330 —0.0875 0.0409 
3000 —0.0370 0.0234 —0.0415 0.0256 —0.0540 0.03813 —0.0700 0.0380 —0.0900 0.0458 —0.1175 0.0560 
4000 —0.0475 0.0303 —0.0530 0.0330 —0.0675 0.0395 —0.0865 0.0476 —0.1100 0.0568 —0.1415 0.0686 
5000 —0.0570 0.0367 —0.0635 0.0398 —0.0800 0.0473 —0.1010 0.0562 —0.1270 0.0663 —0.1615 0.0794 
6000 —0.0660 0.0428 —0.0725 0.0458 —0.0910 0.0543 —0.1145 0.0643 —0.1420 0.0750 —0.1795 0.0894 
7000 —0.0735 0.0479 —0.0810 0.0515 —0.1010 0.0607 —0.1260 0.0714 —0.1560 0.0833 —0.1950 0.0983 
8000 —0.0810 0.0531 —0.0895 0.0573 —0.1100 0.0665 —0.1370 0.0783 —0.1680 0.0905 —0.2095 0.1067 
9000 —0.0880 0.0580 —0.0970 0.0624 —0.1185 0.0722 —0.1465 0.0843 —0.1795 0.0975 —0.2220 0.1141 
10000 —0.0940 0.0623 —0.1045 0.0677 —0.1270 0.0779 —0.1560 0.0904 —0.1905 0.1048 —G.2345 0.1217 
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The results of the tests for hexamethyldisiloxane, the dimer, 
are graphed in Fig. 2, and for octamethyltrisiloxane, the trimer, 0.820 


in Fig. 3. 


ie 


O. 


ComMPuTED RESULTS 
0.800) 


Smoothed values of change in bellows length AL versus gage 
pressure, taken from the graphs in Figs. 2 and 3, are shown in 
Tables 1 and 2, as are the corresponding values of change in test- 
liquid density Ap calculated from Equation [4]. The box head- 
ings of the tables bear appropriate values of the test-liquid tem- 
perature, the bellows cross-sectional area A, and the test-liquid 
density po at atmospheric pressure. Graphs of test-liquid density 
p as a function of gage pressure are presented in Figs. 4 and 5, 
from which the density for any pressure can be read. Moreover, 
isobaric graphs of p versus temperature can readily be constructed 
from the graphs in Fig. 4 or 5, with which the density at any tem- 
perature from 75 to 200 F for the dimer, and from 75 to 300 F for 
the trimer and at any gage pressure from 0 to 10,000 psi for either 
can be determined. 

Check tests confirmed results within experimental error. 

The isothermal compressibilities, computed according to Equa- Rane 
tion [5], are shown in Figs. 6 and 7. 
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Calculations showed that the densities of the two dimethyl 0 2000 4000 6000 8000 10000 
siloxanes were determined with a probable error no greater than PRESSURE IN POUNDS PER SQUARE INCH 
0.0018 gram per cu cm over a pressure range of 10,000 psi and Ficg.4 Dernsrry Versus Gace PRESSURE FOR 
at various temperatures. HEXAMETHYLDISILOXANE 
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III. Linear Polymethylsiloxanes,’’ by Alfred Weissler, Journal of 
the American Chemical Society, vol. 71, 1949, p. 93. 

9 “The Physics of High Pressure,’ by P. W. Bridgman, The 
MacMillan Company, New York, N. Y., 1931; pertinent bibliogra- 
phies on pp. 17-29, 147-148. 

10 “The Design of High Pressure Plant and the Properties of 
Fluids at High Pressures,” by D. M. Newitt, The Clarendon Press, 
Oxford, England, 1940; pertinent bibliography on p. 466. PRESSUBETINI BOUNDS |PERISQUAREINCH 

11 “Recent Work in the Field of High Pressures,’’ by P. W. Bridg- Fie. 5 Density Versus Gace PressuRE FOR 
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bibliography on pp. 15-16; and Journal of the Institute of Petroleum, 
vol. 32, 1946, p. 254A. 

12 ‘“Pressure-Responsive Elements,’’ by P. G. Exline, Trans. 
ASME, vol. 60, 1938, pp. 625-632. 

13 “Heat,” by A. G. Worthing and David Halliday, John Wiley & 
Sons, Inc., New York, N.Y., 1948, pp. 6-8. 


Discussion 


P. W. Brineman.‘ This is an interesting and ingenious adap- 
tation of the sylphon method of measuring compressibilities 
which the writer developed a number of years ago® for use over 
a wider pressure range. For the purpose at present in view (de- 
termination of the density correction in rolling-ball viscometers 
used under pressure), and within the range of accuracy claimed 
(0.3 per cent on the densities), the apparatus seems entirely 
adequate. A check on this is afforded by comparing the au- 
thor’s results with those of the writer® for the same two liquids 
at room temperature. After making corrections for slight differ- 
ences of temperature, and expressing the results as fractional 
changes of initial volume instead of initial density, the writer 
finds for the author’s value of AV/Vo at approximately 24 C at 
a pressure of 7110 psi (500 kg per sq cm) for hexamethyldisiloxane 
and octamethyltrisiloxane, respectively, 0.0552 and 0.0597. 
These values may be compared with the writer’s of 0.0568 and 
0.0586, respectively. The agreement is thus well within the 
claimed error, which would correspond to 0.003. 

It would seem that the method should be capable of considera- 
bly greater accuracy than claimed, for 0.3 per cent on the abso- 
lute density is not high. It is to be regretted that the author did 
not take the opportunity to find the probable limits of accuracy. 
To do this, comparison with measurements by other methods is 
necessary, because there can be no question but there are intrinsic 
sources of error in the sylphon method owing to internal strains in 
the metal of the sylphon, which has been subject to very great 
deformations in the forming process. It may well be that the 
accuracy would prove great enough to justify use of the appara- 
tus in making measurements of the compression of liquids for 
their own sake, as demanded in work on the equation of state of 
liquids. This apparatus has an especial advantage for such use 
in the wide temperature range that can be covered easily. 


R. B. Dow.? This paper represents a valuable contribution to 
the means available for calibrating high-pressure viscometers 
over the moderate pressure range of 10,000 psi. The writer and 
his collaborators have previously used a series of carefully chosen 
lubricating oils of such densities and viscosities as required to give 
suitable calibration curves for the rolling-ball type of viscometer. 
The present choice of silicone liquids is to be preferred chiefly be- 
cause of the ready availability of a standard product, although 
the stability and small temperature coefficients of viscosity are 
valid reasons for considering them more suitable than oils. 
The author’s results should be useful for all workers in this field 
who will welcome all advances toward standardization. 

The compressibility meter is a well-designed and simple de- 
vice which has been adapted from the sylphon piezometer of 
Prof. P. W. Bridgman. The techniques of measurement differ 
only in the method of measuring changes of length, Bridgman 
using changes of resistance of a fine manganin slide wire attached 


4 Lyman Laboratory of Physics, Harvard University, Cambridge, 
Mass. 

5 “The Volume of 18 Liquids as a Function of Pressure and Tem- 
perature,” by P. W. Bridgman, Proceedings of the American Acad- 
emy of Arts and Sciences, vol. 66, 1931, pp. 185-233. 

6 See p. 143 of reference (7) in Bibliography of paper. 

7 Bureau of Ordnance, Re9a, Navy Department, Washington, 
1D) KO; 
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directly to the top of the sylphon instead of direct readings on a 
micrometer screw. The sylphon piezometer has several obvious 
points of superiority over the old type of piston displacement in a 
pressure cylinder containing the test liquid. For the present pres- 
sure range the use of a micrometer is both direct and convenient 
since it can be used with a simple pressure seal which would not 
suffice at much higher pressures. 

In respect to the corrections employed in the present work, it 
appears that the length of the screw was not corrected’ for pos- 
sible changes due to changes of pressure and temperature. The 
correction for pressure would be negligible except at the highest 
pressure used, at which it would be of a magnitude about com- 
parable with the accuracy of measurement. The correction for 
temperature, on the other hand, appears to be well within the 
accuracy of measurement between the limits of 76 and 200 F. 

The value of the results are enhanced by the fact that several 
temperatures were used. It is suggested that, in addition to the 
value of 100 F, it would be desirable to have data at 130 and 210 
F since the viscosities of oils are commonly measured at these 
temperatures. 


P. G. Exuine.6 This paper describes an instrument capable of 
determining liquid densities and compressibilities with a higher 
order of accuracy and with much greater convenience than has 
hitherto been obtainable. A single filling of the instrument 
suffices for all determinations over the allowable temperature 
and pressure range of the instrument. The pressure and tem- 
perature ranges covered by the author were rather arbitrarily 
limited by the materials tested and by the pressure-measuring 
instruments used. It would add to the value of the paper if a 
reasonable estimate could be given of the pressure and tempera- 
ture limits to which the instrument could be used. 

Although the author reports unusually high accuracy for de- 
terminations of this nature, the writer believes that an additional 
correction could well have been made. In determining liquid 
compressibilities in a vessel in which the internal pressure equals 
the external pressure, the direct observations yield the difference 
between the compressibility of the liquid and that of the material 
of the vessel. The fact that in the author’s instrument the 
liquid is contained in a vessel capable of free axial elongation 
does not alter the situation, as the radius of the bellows is re- 
duced by the pressure, and the brass bellows housing carrying 
the micrometer nut will be shortened. At the most, this correc- 
tion would alter the reported values of Ap by slightly under 1 
per cent. 

In calculating compressibilities from the density data the 
author has selected a definition of K which does not yield easily 
usable values, a mistake of which the writer has also been guilty. 

If the compressibility is defined as 


1 W—V) 
Vo P 


a 


where V is the volume at pressure P and Vo is the volume at zero 
pressure, it is much more easily applied to numerical computa- 


tions. In this case the compressibility can be expressed as a 
function of p as follows 
Ap 
CS SS 
(p0 + Ap)P 


8 President, Exline Engineering Company, Tulsa, Okla. Mem. 
ASME. 

9“ A Text-Book of Physics—‘Properties of Matter,’”’ by V. H. 
Poynting and J. J. Thomson, 11th edition Charles Griffin & Com- 
pany, Ltd., London, England, pp. 116-119. 

10 “‘Teakage in Capillary Seals of Hydraulic Valves and Pumps,” 
by P. G. Exline, Product Engineering, vol. 17, April, 1946, p. 292. 
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and the computations can be made directly from Tables 1 and 2 
of the paper. 

The initial values of K, computed this way, will be the same 
as in Figs. 6 and 7 of the paper, but the values at 10,000 psi will 
be 50 to 70 per cent higher. 

The writer has had occasion to reduce the data reported in the 
paper to analytical expressions of the form p = po(1 + aP + 


bP? + cP3). The values of the coefficients thus obtained are 
given in the following table: 
Temp, po a b ¢ 
gram per : 
deg F cucm in.2/lb in.4/|b?2 in.®/lb3 
HexAMETHYLDISILOXANE 

76 0.7634 1.196 X 10-5 — 4.65 xX 10-10 1.13 X 10714 
100 0.7496 1.440 S83 2°28 
149.9 0.7194 1.868 —12.3 4.63 
200° (0.6883. 2.539 20.5 9.13 

* OcTAMETHYLTRISILOXANE 
thes USER Iral 1.038 X 1075 — 2.95 X 107° 0.344 XK 10714 
100 0.8046 1.227 — 5.80 1.94 
150 0.7767 1.588 —5 3.00 
200 0.7479 2.060 —13.35 4.84 
250 0.7188 2.674 —20.60 8.38 
300 0.6900 3.364 —26.0 10.0 


ALFRED WEISSLER.!! This interesting paper introduces a 
greatly improved instrument for the determination of isothermal 
compressibility. The measurement of sound velocity by means 
of the ultrasonic interferometer is an attractive, precise method 
for the determination of adiabatic compressibility, from which 
the isothermal compressibility may be computed if the heat ca- 
pacity and thermal expansion coefficient are known.!2 

The latter method was utilized! to measure the compressi- 
bilities (at atmospheric pressure and 86 F) of 16 methylsiloxane 
liquids, including the two studied in the present work. It is 
interesting to note that the values obtained from ultrasonic 
propagation are about 20 per cent higher than those found in the 
paper. This difference may be understood in terms of the rapid 
decrease in compressibility with increasing pressure, as shown 
in Figs. 6 and 7 of the paper. Inasmuch as the excess pressure 
attained in our ultrasonic interferometer is 0.1 psi or less, the 
compressibilities obtained thereby are valid for the range of 0 
to 0.1 psi (gage). By contrast, the first measurement at each 
temperature in the present work gives the “‘average’”’ compressi- 
bility over the range 0 to 100 psi (gage), from which it is not pos- 
sible to extrapolate to zero pressure with any great accuracy. 
In the same connection, the isothermal compressibilities of these 
liquids determined at Dow Corning are considerably lower than 
those found in the present work, presumably because an even 
larger pressure interval was used. 

It appears, therefore, that the ultrasonic interferometer is par- 
ticularly valuable for the measurement of compressibility of 
fluids at zero gage pressure. 


AvTHOR’s CLOSURE 


The author gratefully acknowledges the stimulating discussion 
submitted by Professor Bridgman, Dr. Dow, and Messrs. Exline 
and Weissler, each of whom has made valuable contributions in 
the field of compressibility. 

The corrections for changes in length of the micrometer screw 
because of temperature and pressure changes and for compression 
of the material of the vessel, suggested by Dr. Dow and Mr. Ex- 
line, respectively, are well within the reported probable error on 
the density p of 0.8 per cent. That the results could be im- 


1 Naval Research Laboratory, Washington, D. C. 

2 “Ultrasonics,” by L. Bergmann, John Wiley & Sons, Inc., New 
York, N. Y., 1944, chapt. 3. 

18 See reference (8) in Bibliography of paper. 
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proved by these and other corrections" is true, although in many 
cases it is questionable if the increased accuracy obtained would 
justify the additional labor in computation. 

The instrument described was designed as an engineering in- 
strument with which results sufficiently accurate for most engi- 
neering uses could be obtained rapidly by a semiskilled technician 
with little supervision. The direct readings on the micrometer 
screw, the facility of testing at various temperatures, the single 
filling of the bellows for all temperatures and pressures investi- 
gated, and the omission of higher-order corrections to simplify 
the computations are considered important features in the use of 
the instrument for engineering purposes. 

The maximum possible precision obtainable with the instru- 
ment has not been investigated. Professor Bridgman’s sugges- 
tion of comparison with measurements by other methods, and 
the application of corrections, such as those suggested by Dr. 
Dow and Mr. Exline, would be necessary in an investigation to 
determine the limits of accuracy obtainable with the instrument. 

The maximum pressure and temperature to which the instru- 
ment could be used are limited primarily by the materials incor- 
porated in the design. Synthetic-rubber O-ring seals in similar 
applications have been subjected to 40,000 psi at room tempera- 
ture and to 12,000 psi at 400 F without failure in either case. 
The maximum temperature, however, is limited to approximately 


14 See appendixes to the University of Pittsburgh thesis (MS) by 
the author (reference 2 of paper). 
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350 F because a soft solder was used to join the bellows to the 
bellows plugs. 

The isothermal compressibility K, defined by Mr. Exline, is 
approximately the integrated average between atmospheric and 
pressure p of the isothermal compressibility k shown in Figs. 6 
and 7 of the paper. That Mr, Exline obtained results at 10,000 
psi 50 to 70 per cent higher than those presented in Figs. 6 and 
7, is therefore to be expected. In the opinion of the author, 
the isothermal compressibility defined by Equation [5] of the 
paper is more useful than that defined by Mr. Exline for theoreti- 
cal analyses leading te calculations of such quantities as adia- 
batic compressibility and velocity of sound. 

Mr. Exline’s empirical equation for the density results should 
be useful, provided the user bears in mind that such expressions 
cannot safely be extrapolated nor differentiated. Since the labor 
involved in the evaluation of coefficients is considerable, Mr. 
Exline’s contribution is especially appreciated. 

Mr. Weissler’s work!® on the adiabatic compressibility of 
methyl-siloxane liquids permitted him to calculate the isothermal 
compressibility at atmospheric pressure. His discussion unques- 
tionably explains part of the difference between his results and 
those of this paper. Some of the difference, however, probably 
lies in the uncertainties in the quantities used in his calculations, 
notably the thermal expansivity and the specific heat at constant 
pressure. 


15 See reference (8) in Bibliography of paper. 
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A Mathematical Evaluation of Pressures in 
a Grease-Lubricated Bearing’ 


By K. B. LAWRENCE,? STATE COLLEGE, PA. 


Of the various methods proposed in the past for the 
numerical evaluation of pressures developed in a film of 
lubricant, perhaps the best method, in general, consists of 
the application of a finite-difference formula developed 
from the fundamental differential equation. Such a 
formula has been developed by Derman G. Christopherson 
(1), who also has shown that the formula gives accurate 
results when applied to calculations involving oil-lubri- 
cated bearings. The author herein applies the finite- 
difference formula to calculations of the pressure distri- 
bution existing in a grease-lubricated bearing and com- 
pares the results obtained with the results of a recent ex- 
perimental investigation by Cohn and Oren (2), which was 
conducted under similar conditions of operation. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


a = r/L = dimensionless radius of a circle constructed about 
a central node o, which includes the surrounding 


nodes n upon its circumference 


A,, Ao—n = influence coefficients 
C = eccentricity factor 
E = eccentricity of journal, in. 
F,, Fo-n = residuals 
h = radial clearance or film thickness at point in 
film, in. 
ho = radial clearance at point of closest approach 
H = h/ho = dimensionless ratio of radial clearance to radial 
clearance at point of closest approach 
L = length of bearing surface in direction of relative 
motion, in. 

M = Z/Z, = dimensionless ratio of absolute viscosity at 
points in film to viscosity at inlet to convergent 
section of channel 

n = subscript denoting points on circles of radius 
a or 2a 

o = subscript denoting centers of circles 

6Z,UL : 

‘ = pressure [eee | P, psi 

P = dimensionless pressure 

U = rate of shear of viscous lubricant at point in 
film, ips 

x = distance measured in direction of relative motion, 
in. 


1 This paper is an abstract of a thesis submitted to The Pennsyl- 
vania State College, June, 1948, in partial fulfillment of the require- 
ments for a Master of Science degree in Mechanical Engineering. : 

2 Instructor, Department of Mechanical Engineering, Pennsylvania 
State College. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. vids 

Contributed by the Research Committee on Lubrication and the 
Petroleum Division and presented at the Annual Meeting, New York, 
N. Y., November 27-December 2, 1949, of Tue AMERICAN SOCIETY 
oF MrEcHANICAL ENGINEERS. : 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-69. 


y = distance measured in the plane of, and at right 
angles to relative motion, in. 
Z = absolute viscosity at point in film, poise 
Z, = absolute viscosity at inlet to convergent section 
of channel, poise 
n = radial clearance, in. 
& = x/L = dimensionless ratio of lengths measured along 


bearing arc from inlet position, to total length 
of bearing are 


INTRODUCTION 


A method is to be shown herein for the solution of the pressure 
distribution in bearings lubricated with a copious supply of a non- 
Newtonian substance such as a grease or a polymer-laden oil. 
This subject is of considerable interest at the moment and has 
presented a problem of some difficulty because of the viscosity 
characteristics of the lubricants mentioned. 

It has been shown by M. H. Arveson (3) and others that the 
apparent viscosity of greases varies as some function of the rate 
of shear, indicating an infinite value at zero rate of shear, with 
the viscosity approaching a constant value at extremely high 
rates of shear, such as indicated in Fig. 1. This effect is im- 
portant in any analytical consideration of grease as well as of 


VISCOSITY — POISE 


RATE OF SHEAR— AEC. 


Fie. 1 Viscosiry Curves 


other non-Newtonian substances used as a lubricant, inasmuch 
as the rate of shear is a variable under the conditions of thick- 
film lubrication of journal bearings. 

It has been shown in hydrodynamic theory that the following 
equation formulated by Osborne Reynolds (4) applies in condi- 
tions of journal-bearing operation utilizing a copious supply of a 
viscous lubricant 


: 36 dh 
Cea mee 
ODI NZ Ov oy \Z oy da 
This equation, although admitting certain simplifications, re- 


mains general in so far as the viscosity characteristics of the 
lubricant are concerned, allowing viscosity changes in both 
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the X and Y-directions for any cause whatsoever. Considera- 
ble difficulty has been experienced, however, in the determina- 
tion of a general, easily understood, and readily workable method 
for the solution of this equation. Much important work has been 
done in this respect by Reissner (5), Vogelpohl (6, 7, 8), Skinner 
(9), Kingsbury (10), and Christopherson (1). It is the last- 
named to whom we are indebted for the finite-difference formula 
which is to be used in this work. 

In its very simplest elements, the solution of a differential 
equation in finite-difference form consists of the substitution of 
finite quantities in the place of the infinitely small differentials 
existing in the original. On this basis then, the equation con- 
taining the finite differences lends itself to numerical computa- 
tions—however, at the sacrifice of accuracy. On the other hand, 
a satisfactory degree of accuracy can be obtained by limiting the 
finite differences to suitably small intervals simply as one ap- 
proximates the slope of a graph by considering differences in the 
ordinates over suitably small intervals. 

Christopherson (1) has determined the following finite-differ- 
ence expressions as solutions of Reynolds equation 


S1H)+C)e 
Sf) +(@)]-=% 


which is accurate to the order of a?, or 
A C/E He = HA re 
: dlr + (Gi), ape Liz), +i), P- 
Te H3 
[G+ Gi) 
8 


which is accurate to the order of a‘. 

The summations in the foregoing equation apply to points 
equally spaced on the circumference (n-points) and at the center 
(o-points) of circles of radius a or 2a such as shown in Fig. 2, 
situated in the hydrodynamic field in the plane of relative mo- 
tion. These points are thought of as nodes formed by a grid of 
equally spaced lines covering the field which is transformed into 
the X, Y-plane as is shown in Figs. 2 and 3, where the latter shows 
the fine-grid node construction. 

It is necessary also to apply the relaxation method of Southwell 
(11) to the results determined by the foregoing formulas, since 
these results will be in error due to the necessity of using a coarse 
grid, Fig. 2, at the starting points. 


Viscosity ANALYSIS 


Data are given in Table 1 for the reference grease which is to 
be used in the calculations. These data are for the same grease 
tested and reported by Cohn and Oren (2). 


TABLE 1 CAPILLARY VISCOSITY DATA 

U/h (rate of shear in —Z eiposity, in poise)— 
reciprocal seconds) 77 deg F 115 deg F 

15.6 1132.4 717.3 

47.0 547.4 345.2 

108.9 262.1 183.0 

203.1 161.3 107.8 

434.0 89.1 59.9 

678.7 63.2 42.6 

2737.0 26.4 16.4 

8200.0 15.0 8.3 
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Fic. 3 EngeGae Nopr ARRANGEMENT 


A mathematical formula is fitted to each of the viscosity sets 
of values by a standard textbook method (12) which results in the 
following 


U —0,8016 
Z(at 77 deg F) = 10,960 z) + 6.8 


U \ —0.7690 
Z (at 115 deg F) = 6377 h + 1.82 
This is done in order to extrapolate the existing data in the direc- 
tion shown dotted in Fig. 1. 


SOLUTION OF FINITE-DIFFERENCE FORMULA 


A cylindrical 1-in. X 1-in. bearing is selected for investigation. 
The bearing surface is transformed as in Fig. 2, and an area as 
indicated is selected for investigation in which positive hydro- 
dynamic pressures are anticipated. Furthermore, the area, 
consisting of 2 in. of the bearing arc, is selected in particular to 
enable initial calculations to be made for pressures at nodes 6, 
10, and 14, involving only pressures at nodes on the boundaries 
where the values for P,, are known to be zero. 

The appropriate physical values are determined in the following 
calculations: 


C = eccentricity factor = 0.46 (assumed) 
n = radial clearance of bearing and journal = 0.0082 in. 
E = eccentricity of bearing and journal centers 
= 0.46 X 0.0082 = 0.00377 in. 
Mean film temperature 115 F (assumed) 
Journal speed 250 rpm 


ho = minimum film thickness = 0.0082 — 0.00377 = 0.0044 in. 
h, = film thickness at entrance = 0.0082 — 0.00377 cos 20 deg 


= 0.0117 in. 
U 1 
— = rate of shear at entrance = car OSI = 13.1 
he 60 X 0.0177 0.0177 
= 1119 reciprocal sec 
Z, = 6376 (1119)—-76 + 1.82 = 30.6 poises 


x ré 0.5 6 0 
—g= = = 
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a = 0+ 20 deg 
h nt+EX cose n EH 
H SS ea 
h i. 3 + - cos (4 + 20) 
oH —4E , —4 X 0.00377 
— sin (4 + 20) = ————_—__ gj 
de he Sa 0.0044 
= —3.425 sin a 
TABLE 2 
M = oH 
Node a h FU he ae ZZ see OE 
2 20 0.0177 2.66 1119 30.6 1.000 18.90 Reo 
6 °18’ 0.0090 2.042 1457 25.4 0.830 10.28 —1.932 
10 134°36’ 0.0056 1.272 2340 18.2 0.595 3.46 —2.442 


It is to be noted in Table 2 that the viscosity of the grease cal- 
culated at each of the nodes is based upon the circumferential 
rate of shear which is assumed to be constant across the thick- 
ness of the film. This involves two cases in point. The one case 
involves the assumption just mentioned, and amounts to the 
neglect of the second-order effect of pressure on the velocity dis- 
tribution across the film thickness. Further, it may be reasoned 
that the rate of shear as a function of x and y should be deter- 
mined correctly in the direction of the flow at the points under 
consideration. However, since the flow in the X-(or circum- 
ferential) direction is of such a higher order of magnitude than 
the flow endwise at any point, it is reasoned that the circumfer- 
ential rate of shear will be a satisfactory approximation and most 
especially so in this, the case of the highly viscous grease where 
the end flow is exceedingly low. 

The dimensionless pressure at node 6 is now calculated as a 
sample 


0.5 


= —— = 0.3535 - 
2 X 0.707 


a 
2(0.3535)? X 3.345 


Po = 348.9) + 2 (3.46) + 4 (10.28) 


= 0.00974 


The pressures at nodes of progressively finer grids are calculated 
in a similar manner, using values at nodes previously determined. 

Since the formula gives accurate results only for fine grids and 
the foregoing values were based upon values determined ini- 
tially for an exceedingly coarse grid, it is necessary now to re« 
duce the error by the relaxation technique. 


APPLICATION OF RELAXATION MrtTHop 


Numerical values called residuals are calculated by the reap- 
plication of the finite-difference formula. The residuals defined 
by 


(8) +(e 
rd (8), + (G)] 


are in effect the numerical inequalities existing in the equation 
due to errors in the pressures. It is seen from the formula that a 
change in the residual may be made by effecting a change in the 
P.; in addition, a change in P, results in an accompanying change 
in the residual at the neighboring nodes. To facilitate making 
these changes the quantities 


(a), «(GJ 


>. [(2) +] 


are given symbols Ag—n and A,, respectively, and are called in- 
fluence coefficients. Then at the center 


and at the n-nodes 


Ao-—n 


AF, = AP, X Ag-n = — AF, i 


The ratios Aj—»/A, are calculated in advance and serve as multi- 
pliers. 

In the manner then of reducing the residuals at each of the 
nodes successively according to the formulas given, values of 
corrected dimensionless pressures are obtained. 

In this, the first case, an additional series of calculations are 
necessary to extend the area under consideration throughout 
the convergent section of the channel. The results obtained 
thereby are given in Table 3 and plotted in Figs. 4, 5, 6, and 7, 
as the No. 1 set of curves. 

In a similar manner the values for the No. 2 set which were 
taken at the lower temperature, are determined, with the ex- 
ception, however, that instead of determining initially approxi- 
mate pressures by means of the formula, a rather arbitrary pres- 
sure distribution is assumed and corrections are made thereto 
by the relaxation method. 

The No. 3 set of curves shows the results at the conditions 
of a higher temperature and increased eccentricity factor. These 
curves result from the application of the second and more ac- 
curate finite-difference formula in the determination of the 
residuals. 


SUMMARY 


The reader’s attention is invited first to the consideration of 
the viscosity curves in Fig. 1. It is here noted that the apparent 
viscosity levels off asymptotically at high values of rate of shear, 
which phenomenon has been reported by M. H. Arveson (3) and 
others, based upon experimental evidence. The term apparent 
viscosity is here used advisedly since the data given were deter- 
mined by the capillary-tube method, and there is some question 
as to its applicability because of the possible coring effect in the 
capillary, which may be attributed to the non-Newtonian 
characteristic of the grease. However, these data are of sufh- 
cient accuracy to demonstrate the general behavior of the 
lubricant. 

The curves in Figs. 4, 5, 6, and 7 are qualitatively similiar to 
those of the oil family; however, no quantitative comparison is 
attempted here because of the basic differences in the two types 
of lubricants and the impracticability of establishing the condi- 
tions for a rational basis of comparison. 

Finally, the curves in Fig. 8 are to be noted. Here the curves 
for the No. 2 set of conditions are compared with those determined 
by an experimental investigation by Cohn and Oren (2) on a bear- 
ing of similar dimensions. The latter are shown dotted. Rather 
good conformity is therein noted, although it should be empha- 
sized that there is considerable uncertainty concerning the com- 
parableness of some of the corresponding physical conditions 
existing in the two cases. Possibly the most notable deviation is 
the diversity in the unit radial clearance. In this work the value 
of 0.0164 in. per in. was used, while Cohn and Oren report for 
their bearing a value of 0.0071 in. per in. Of similar importance 
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TABLE 3 CORRECTED PRESSURES FOR CURVES NO. 1 PSI 


n n+0 n + 20 n + 40 n + 60 
1 0 0 0 0 

2 7.74 6.95 5.50 4.20 
3 13.88 12.77 9.42 6.10 
4 20.99 19.85 16.12 9.77 
5 26.39 24.88 20.52 13.43 
6 32.62 30.66 24.97 15.08 
7 39.6 37.0 29.9 17.5 
8 46.1 42.6 34.6 20.7 
9 50.8 47.0 39.6 23.8 
10 51.1 45.0 38.4 23.8 
11 47.2 43.1 35.6 21.4 
12 35.1 32.0 26.0 16.0 
13 Tends 14°01 13,2 7.4 
14 0 0 0 0 


PRESSURE 


PRESSURE PS.I. 


Fic. 5 Pressure DisrriBuTion at n + 20 Nopgs 


is the matter of the running position of the shaft, since there is 
no reported value of eccentricity in the experimental investiga- 
tion. The constant mean film temperature, as assumed herein for 
the lower (77 deg F) cases, roughly approximates the bearing shell 
temperatures observed by Cohn and Oren, and, although the 
finite-difference formula is adaptable to temperature variations 
in the film, no allowance was made for this occurrence in this 
work, 

It is also to be noted that although the curves were plotted to 
the same scale on the abscissa, their relative location was chosen 
arbitrarily, since this mathematical treatment does not de- 
termine directly the angular position of the application of the 
load. 


CONCLUSIONS 


This work is presented as an illustration of the use of the finite- 
difference formula as applied to determining the pressure dis- 
tribution in a journal bearing using grease as a lubricant. In a 
similar manner, this same method can be used equally as well 
where other non-Newtonian substances are used, as well as New- 
tonian substances. This method may be considered as valid 
in so far as the assumptions made herein apply, and presents the 
possibility of the establishment of a simpler method which can 
be applied to everyday lubrication problems involving non- 
Newtonian lubricants. This can be accomplished through the 
analytical survey of the whole field of application by this method. 
Then the evolution of a semianalytical method can be brought 
about, constructed on a rational basis. 
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Investigation of Lubricants for Power 
Circuit Breakers 


By R. R. BUSH,! PHILADELPHIA, PA. 


This paper describes a technique for the selection of 
proper lubricants for power circuit breakers. The circuit 
breaker is described briefly, and its lubrication require- 
ments for dependable operation are discussed. The labo- 
ratory methods set up to determine the performance of 
the grease best suited for this application are outlined. 
Results of the laboratory test data are shown and evaluated 
with reference to circuit-breaker requirements. Proper- 
ties of some typical greases are compared with their 
performance for this particular application. Because per- 
formance depends not only upon grease properties, but 
also upon the process of manufacture, the greases tested 
are referred to only in code. Life tests on actual circuit 
breakers have checked laboratory results. Therefore it 
is concluded that tests may be set up to determine the 
suitability of a lubricant for any particular application 
and especially for power circuit breakers. 


INTRODUCTION 


ROPER lubrication of power circuit breakers is a problem 

of considerable importance because the operation of the 

entire power system depends so completely on the reliable 
operation of the breakers under any emergency. When a short 
circuit occurs on a power line, the portion in which the disturbance 
originated must be isolated quickly to prevent damage to as- 
sociated apparatus and to restore service to the rest of the system. 
Its entire operation must be completed in less than !/19 sec. To 
obtain this high-speed operation, friction of all moving parts 
must be held to a minimum. The better the lubrication of all 
friction points, the lower the friction which will be encountered. 
This means higher speed of operation and longer life of all moving 
parts. 

The lubrication problem in power-circuit-breaker bearings and 
other friction points is peculiar in that the motion is extremely 
intermittent, generally oscillatory, and generally heavily loaded. 
The contacts of the power circuit breaker are opened in response 
to the operation of a high-speed relay by means of a powerful 
driving force properly connected through cranks, cams, and roll- 
ers. The driving force is generally obtained from energy stored 
in compressed springs, or compressed air. Quick opening is ac- 
complished by suddenly releasing this stored energy. Each pass- 
ing year has seen the size and speed of circuit breakers increase. 
With each such increase, the duty on bearings has also increased, 
as indicated in Fig. 1. To keep friction and maintenance to a 
minimum, better and better lubricants have been required. 
Hand in hand with this development went the choice of the proper 
lubricant for the bearings depending on the duty they perform. 

Fig. 2 is a magne-blast circuit breaker rated at 13,800 volts and 
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BEARING PRESSURES COMPARED TO OTHER POWER-CIRCUIT-BREAKER 
CHARACTERISTICS 


Fic. 2 Macnen-Buast Power Crrcurit Breaker Rarep 500,000 
Kva at 13,800 Vouts 


(Bearings must operate instantly but intermittently at medium speed and 
relatively heavy loading.) 


500,000 kva interrupting capacity, which represents one of the 
smaller types of modern circuit breakers. Fig. 3 is a 360,000-volt 
circuit breaker with an interrupting capacity of 10,000,000 kva, 
which represents the highest-capacity circuit breaker yet developed 
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Fie. 3 Low-Orr-Contenr Impuuse-Typr Orn Circuit BrEakER 
Ratep 10,000,000 Kva at 360,000 Voutts 


(Interrupting time 0.05 sec; reclosing time 0.167 sec. Inset of breaker from 
Fig. 2 compares sizes.) 


Its 6 sets of contacts are designed to carry 1000 amp continuously, 
to open in 0.05 sec and reclose in 0.16 sec. For comparison of 
size, the inset at the lower left-hand corner shows the breaker 
from Fig. 2 to the same scale as this breaker. The development 
of most modern breakers would not have been possible without 
corresponding development in bearings and lubricants to keep 
friction to a minimum. 


LUBRICATION REQUIREMENTS OF MODERN BREAKERS 


It is well known that greases provide better lubrication than 
oils for power circuit breakers because they stay in the bearings 
better than oils under high pressures. They also exclude dirt to a 
greater degree than oils. This is especially true on textolite 
bearings,? and open antifriction or rolling-friction bearings. 
However, grease lubricants tend to stiffen up with time because 
of oxidation. In bearings in circuit-breaker mechanisms, where 
the available torque for initiating operation is low, this added 
friction may be serious because it may prevent the circuit breaker 
from opening. Some breaker bearings have been found in service 
in which the grease was practically solid around the rollers of trip 
latches. In cases when such breakers opened, it was found that 
the opening time had increased 3 to 5 times. This may be very 
serious under short-circuit conditions. Further investigation of 


2 “Heavy-Duty Bearings With Intermittent Oscillatory Motion,” 
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these cases showed the torque required to operate the trip latch 
had increased several times over the normal torque required for 
tripping, because of hardened grease. The only assurance users 
have had of proper operation of circuit breakers has been periodic 
checking with a time-travel recorder to see that they have the 
proper speed. On outdoor breakers, located in cold climates, the 
increase in consistency, or decrease in penetration, with tempera- 
ture is also a problem with many greases. 

Another duty that greases must perform in power circuit 
breakers is protection from corrosion and rusting of bearings and 
other sliding metal parts, both during storage before placing in 
service, and after being placed in service. Humidity or corrosive 
atmospheres are particularly severe on roller bearings unless they 
are properly protected with a film of Jubricant. 

In sleeve bearings, the coefficient of friction varies widely with 
the type and condition of the lubricant. This is critical because 
of the high bearing pressures used in circuit breakers. With 
older metallic-bushing bearings, the grease film must persist at 
pressures around 7000 psi and in the modern textolite-bushing 
bearings at around 10,000 psi. Many greases may be found to 
satisfy one or more af the requirements just outlined, but to find 
one which will satisfy all these requirements is much more diffi- 
cult. 

The dependable and trouble-free operation of power circuit 
breakers under all conditions, however, dictates that the lubricant 
used meet all these requirements. Preferably a single lubri- 
cant should be used in all locations of a given circuit breaker to 
avoid the necessity of selection on the part of the maintenance crew 
and to avoid the stocking of several types of greases. Hence this 
investigation was initiated to determine the best type of lubri- 
cant for use in modern power circuit breakers. It must be 
realized that the best grease from an over-all standpoint will not 
necessarily be the best grease from all standpoints. This review, 
therefore, is presented more to point out the method of investiga- 
tion rather than as a grease recommendation; and, accordingly, 
all greases are referred to by number only. 


MeEruHop oF ATTACKING THE PROBLEM 


Engineers from a number of lubricating companies were asked 
to review the problem. All agreed it was worth while to look for 
one grease, although the possibilities of finding one suitable for all 
operating conditions were doubtful. Accordingly, the following 
specifications were set down for the grease: 


High resistance to oxidation. 

Operating temperature range from —-30 F to +150 F. 
Good lubricating qualities. 

Good corrosion protection. 

Must not be forced out of bearing under high pressure. 


or © Ne 


With these points in mind, some thirty different greases were 
recommended for investigation. 

The first check was on oxidation. The shelf life of the grease 
was considered the criterion for grease in antifriction bearings, 
because of the short working life and intermittent oscillatory 
motion imposed on them in circuit breakers. The Norma-Hoff- 
man bomb test gave the best laboratory measure of this Dropenty, 
but the test was time-consuming. 

For textolite sleeve bearings, it was considered that the oxida- 
tion of a thin film would be more indicative of the lasting qualities 
of the grease. In order to produce thin films for oxidation 
tests, a tool, shown in Fig. 4, was devised, the knife-edge of which 
spread an even thin film of grease on a chromium-plated steel 
plate measuring lin. X 5in. X 12in. This plate was lapped to 
a flatness of about 15 microinches before flash-plating with 
chromium about 0.0002 in. thick. The 0.001-in. thickness of 
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Fie. 4 Apparatus ror TuiIn-Fitm Ox1paTIon TEsts 


Fic. 5 Brarinc Test Macuine ror Lire Test anp Friction M&AsuREMENTS 


the film of grease as laid down was checked to within 0.0001 in. 
by a Gardner interchemical thickness gage. 

Several greases were put on the plate at the same time and 
then placed in a circulating oven at 100 C. It was considered 
that any grease used for this purpose should remain relatively 
intact at this temperature and that the oxidation would be ac- 
celerated to give a comparative answer in a reasonable time. 
Greases which were not acceptable lost their Jubricating proper- 
ties in as short a time as 24 hr while many of the more acceptable 
ones lasted at least 120 hr. Some of the best greases retained 
their lubricating properties for even longer periods. 

As soon as a grease indicated it might pass the thin-film oxida- 
tion test, it was checked in an ordinary refrigerator for 48 hr to 
see if it showed stiffening as lowered temperatures occurred. If 
it indicated satisfactory performance under these conditions, the 
grease was put on friction test in textolite bearings on the test 
machine shown in Fig. 5. Corrosion tests also were run at this 
time in both salt-spray and humidity chambers. 


The friction test was run 100 operations at 8000 psi of projected 
area, 100 operations at 10,000 psi of projected area, and 100 at 
12,000 psi. Starting and running friction were measured after 
each of the steps and if everything appeared satisfactory, a 14,000 
operation life test was run at 12,000 psi. Starting and moving 
friction were determined at intervals during the run. Also, the 
machine was left standing overnight and over week ends and the 
starting friction measured just before resuming the run. The 
frictional values for both starting and running were compared 
because both are equally important in circuit breakers which 
must trip instantly and open at high speed. When a grease had 
passed the friction test, the thin-film test, the refrigerator cold 
test, and appeared to be satisfactory on the corrosion tests, then a 
Norma-Hoffman oxygen-bomb® test, and a torque-temperature 


3“‘Some Applications of an Accelerated Test for Determining the 
Chemical Stability of Lubricating Greases,” by F. L. Wright and 
H. A. Mills, Proceedings of the ASTM, vol. 38, part 2, 1938, pp. 
525-538. ® 
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test in a ball bearing were run. To check with types of sliding 
bearings other than textolite, friction runs were also taken on 
bronze bearings. Evaporation tests were also made on those 
greases which showed promise. 

With the laboratory tests all satisfactory, the grease was then 
put in actual circuit breakers as a final check. 


Resuuts or TESTS 


Following will be a review of the results of tests made on a 
representative number of the greases investigated. It must be 
realized that any statement given applies only to the peculiar ap- 
plication investigated under the conditions outlined and is not a 
criterion for that grease under conditions different from those 
under consideration. Also, for the purpose of avoiding any 
possible undesirable reflection on any product, the greases are 
coded with only number reference. Table 1 is a tabulation of 
general performance as determined by test. Since readings were 
comparative, designations are listed as “acceptable” or ‘“unac- 
ceptable.” If any grease approaches acceptable in any given 
requirement, it is marked unacceptable and starred to indicate 
that further investigation is warranted. Table 2 lists general 
properties of several representative types of these greases to- 
gether with general performance. Space does not permit listing 
all greases tested. Again, it is realized that the properties do not 
tell the whole story as to how a grease may perform. They are 
given merely to show any relation they might have to their per- 
formances under the conditions tested. For better understand- 
ing of these tables, the following curves show typical detailed test 
data. 

Fig. 6 shows the performance of two greases acceptable for 
friction. Fig. 7 shows the performance of two greases unac- 
ceptable for bearing friction. No grease was considered accepta- 
ble which showed a marked tendency to exceed 0.10 coeffi- 
cient of starting friction during a run. Starting friction after a 
long period of rest might exceed this figure but would not be de- 
sirable. The maximum reached when grease 21 was used was 
0.128 in one case. With grease 14, the coefficient of friction never 
exceeded 0.11 when the grease was new. However, when quite 
old, it would permit scoring of the bearings and pin after a short 
run at the high pressures involved. Fig. 8 illustrates oxygen- 
pressure loss with time in the Norma-Hoffman bomb. These 
curves give relative resistance to oxidation of four different 
greases. 

Fig. 9 shows torque-temperature properties of two greases of 
widely different composition. Both of the greases illustrated 
were acceptable on this test as it indicates low torque on ball 
bearings in cold weather. Fig. 10 illustrates the loss by evapora- 
tion of 5-g samples of different greases placed in an oven at 210 F. 

Examination of the tables and charts will reveal that grease 21, 
when compared with others, performed most consistently ac- 
ceptable in all tests to which it was submitted. It also will be 
noted that while its average performance is good all around for the 
purpose investigated, other greases exceeded it on some points, 
but fell down on others. 

It appears that inhibitors against oxidation are mandatory. 
Rust inhibitors are a help against corrosion, but other ingredients 
may accomplish this protection. The sodium soap base appears 
to perform better on resistance to oxidation than calcium soap 
base, but either is good on friction when formulated with petro- 
leum oil having in the neighborhood of 275 SUS viscosity at 100 F, 
and showing a consistency of around 275 penetration. The 
lithium soap base with a 300 SUS viscosity performed much 
better on the friction machine than those with lighter oils, 


4“Functional Tests for Lubricants and Their Interpretation,”’ by 
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RESULTS OF PERFORMANCE TESTS AS CONDUCTED 
ON GREASES BY LABORATORY METHODS 


TABLE 1 
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A = Acceptable 
U = Unacceptable 


Warrants further investigation 


TABLE 2 CHARACTERISTIC PROPERTIES OF SEVERAL 
GREASES LISTED AGAINST RESULTS OF PERFORMANCE TESTS 
AS CONDUCTED BY LABORATORY METHODS 


PROPERTIES PERFORMANCE 
GREASE CONSIST,| THIN |FRICTION| COLD | CORROSION 
NO, BASE. YPE | VISC. OXY RUST | UNWORKED| FILM MACH, REFRIG. TESTS 
edhe Ns 
al Na Pet. 200 Yes Yes 300 Ay A Ao A 
u Na Pet. 125 Yes No 300 A U U - 
BVA Ca Pet, 300 Yes - 250 U A U A 
10 Ca Pet. 285 No No 350 U U U = 
23 la Pet. 300 Yes Yes 275 A U* - U 
16 Li Syn. & 72 Yes - 265 A U A A 
Pet, : 
li Syn. 70 Yes Yes 250 A U A U 
3 Syn, 70 Yes Yes 250 A U A U 
Acceptable b = Also bomb test—induction 


period exceeds 1000 hr 
Also torque test —900 gm em 
to start at —30 F 


A = 
U = Unacceptable 
* = Warrants further investigation ec 


tl 


although the test results did not show up good enough. Gen- 
erally, they gave the least protection in corrosion tests but showed 
very good resistance to oxidation. 

It may be of interest here to mention that dry lubrication was 
tried on textolite bearings and stainless-steel shafts without 
success at any pressures in the ranges considered. 

After the laboratory tests, grease 21 was put on life tests on 
large and small-sized breakers. Its performance met expectations 
in all cases except on high-speed open gearing. It lacked the 
ability to stick fast on these fast-rotating parts. Circuit breakers 
have few such applications in their design. 


CONCLUSIONS 
Review of the data reveals that much investigation is necessary 
to determine the suitability of a lubricant for any particular ap- 
paratus. It was possible to find a grease that fulfilled most of the 
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requirements set down for the particular application. For a few 
very special considerations a special lubricant is necessary. 
Investigation shows that laboratory tests are the quickest and the 
most reliable way to check a large number of possible greases for 
a specific application. Results obtained in an actual circuit 
breaker gave performance far superior to any of the standard 
greases previously used for this application. Each application, 
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however, will require its own peculiar tests of several lubricants, 
and different weights will be given to each characteristic to arrive 
at an acceptable solution for that application. Life tests then 
must be made on the apparatus itself to insure that performance 
on all points is satisfactory. In circuit breakers, such a lubrica- 
tion investigation has yielded results far better than could have 
been obtained in any other way. 
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Discussion 


V. L. Barr.® One very important point which needs restres- 
sing is that this work was conducted to find a suitable lubricant 
for sleeve-type bearings, primarily textolite. The bearing pres- 
sures shown in Fig. 1 of the paper, for instance, are for this type 
bearing and not antifriction bearings. Successful applications of 
needle-type bearings under similar service conditions operate at 
much higher loading on a projected-area basis. 

The data presented are applicable to antifriction bearings, but 
not in the same order of importance as shown in this paper. For 
ball and roller bearings, we would list the requirements in the 
following order: 


5 Director of Engineering, Roller Bearing Company of America, 


Trenton, N. J, Jun. ASME. 
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1 Resistance to oxidation. 
2 Wide temperature range of operation. 
3 Corrosion protection. 
4 Good lubricating qualities. 


The author’s last requirement has no particular interest for 
antifriction bearings. : 

For the particular service required in circuit breakers, we 
are not too concerned with the lubrication properties of a 
grease. For continuous-rotating applications, however, this 
is not true. 

With these points in mind and reviewing Table 1 of the paper, 
it is the writer’s opinion that grease No. 16 would be very satis- 
factory for the antifriction bearings used in circuit breakers. 
Assuming corrosion conditions are not too severe, grease No. 2 
would be highly satisfactory. Grease No. 11 we feel should be 
investigated further since it may be satisfactory for antifriction 
bearings. 

Perhaps from Table 2 some of the greases may be recognized in 
terms of governmental specifications. In this respect, it is our 
opinion that service received from various manufacturers’ prod- 
ucts, meeting a particular specification, is quite varied. We 
believe any specifications for lubricants should include more 
performance-test requirements, 

To stress further the difference in requirements between sleeve 
bearings and antifriction bearings, the variation between greases 
Nos. ‘21 and 16 from Fig. 9 will be noted. Grease No. 16 is 
much more desirable at the extreme low temperatures, yet, on the 
friction machine, grease No. 16 is unsatisfactory, while No. 21 
was acceptable. 
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This last point suggests that for sensitive tripping mechanisms 
in extreme cold it may be absolutely necessary to use a grease 
such as No. 16 in the antifriction bearings. 


AuTHOR’s CLOSURE 


Mr. Barr has ably pointed out the difference between the re- 
quireménts of an antifriction bearing used in a power circuit 
breaker and those of the same bearing working under what might 
be termed the usual running conditions. It must be remembered, 
however, that the grease selected for this application operates 
successfully in both the antifriction bearings and the textolite 
sleeve bearings working under the intermittent oscillatory motion 
encountered in circuit breakers. 

Had the problem been restricted entirely to antifriction bear- 
ings, both greases No. 16 and No. 2 would have given better 
operation at lower temperatures than was required. Grease No. 
11, however, was not as good in this respect as grease No. 21 
which was chosen. The need for one all-purpose grease was 
imperative for this application and the selection was made on this 
basis. 

The suggestion that specifications for lubricants should include 
more performance-test requirements is very timely. These re- 
quirements should be such that they can be checked in the labo- 
ratory with reasonable facility. The time required to work 
out a suitable set of tests as.a procedure for screening the lubri- 
cants before final life tests will yield dividends. Each applica- 
tion will require its own peculiar tests of several lubricants, and 
different weights will be given to each characteristic to arrive 
at an acceptable solution for the application being considered. 


Heat Transfer to Superheated Steam 
at High Pressures 


By W. H. McADAMS,! W. E. KENNEL,? ann J. N. ADDOMS: 


Local coefficients of heat transfer trom a 12.3-in. length 
of 0.252-in. tubing to steam flowing upward in a vertical 
annulus were measured for pressures from 115 to 3500 
psia, for temperatures from 430 to 1000 F, and for tempera- 
ture differences from 100 to 620 F. All results are cor- 
related in Fig. 8 in terms of the local Nusselt number, the 
Reynolds number, the Prandtl number, and the geomet- 
rical ratio Z/D,, with the physical properties evaluated 
at the film temperature. An improved correlation, em- 
ploying new data on thermal conductivity, is presented 
in Fig. 10 of the Addendum. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A area of heat-transfer surface, sq ft 


a = constant, dimensionless 
c = specific heat of fluid at constant pressure, Btu/(lb) 
(deg F) 


D = diameter, ft 3 
D, = equivalent diameter, equal to 4 times the hydraulic 
radius based on total wetted perimeter, ft 


d = prefix, indicating first derivative, dimensionless 
fm = mean value of friction factor, dimensionless 
G = mass velocity of fluid, Ib/(hr) (sq ft of cross section) 
h = local coefficient of heat transfer, Btu/(hr) (sq ft) (deg 
F); h,, for mean value 
I?R = rate of electrical generation of heat in wall of heater, 


Btu/hr 
K = function of L/D,, defined by Equation [9] 
k = thermal conductivity of fluid, Btu/(hr) (ft) (deg F); 
k,, for wall of heater 
L = length of heat-transfer surface, ft 
m = exponent, dimensionless 
q = rate of heat transfer, Btu/hr 
q/A = density of heat flux, Btu/(br) (sq ft) 
r = radius of wall of heater, ft 
S = cross section for fluid flow, sq ft; 7D?/4 inside tubes; 
(D2? — D,*)/4 in annuli 
t = bulk temperature of fluid, deg F 
V = average velocity of fluid, based on density at bulk- 
stream temperature, ft/hr 
X, X’, X” = abscissas of Figs. 4, 5, 6, dimensionless 
x, = thickness of wall of heater 
Y, Y’, YY", Y’” = ordinates of Figs. 4, 5, 6, 8 
At = temperature potential, deg F 
1 Professor of Chemical Engineering, Massachusetts Institute of 
Technology, Cambridge, Mass. Mem. ASME. ; 
2 Research Department, Standard Oil Co. of Indiana, Whiting, Ind. 
3 Assistant Professor of Chemical Engineering, Massachusetts In- 
stitute of Technology. ; 
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27—December 2, 1949, of Tur AMpRICAN SOCIETY OF MECHANICAL 
ENGINEERS. ; 
Nore: Statements and opinions advanced in papers are to be 
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the Society. Paper No. 49—A-32. 


m = viscosity of fluid, lb/(hr) (ft), equal to 2.42 X viscosity 
in centipoises 
wr = 3.1416 
p = density of fluid, lb/cu ft 
Subscripts: 
1,2 = entering and leaving 
¢ = conduction and convection 


f = physical property evaluated at film temperature; t, 
equals (t + t,,)/2 

7 = inside wall of heater 

m = mean 

o = outside wall of heater 

r = by radiation 

t = total by conduction, convection, and radiation 

w = physical property evaluated at wall temperature 1,, 

wt, wo = inside wall, outside wall, of heater 


Dimensionless Moduli: 


cu/k = Prandtl number 
DG/u = Reynolds number based on inside diameter 
tube 
Reynolds number 
diameter D, 
DV p.y/t = modified Reynolds number 
hD,/k Nusselt number, local 
hmD/k, RmD,/k = Nusselt number, mean 
Mep/ be ratio of viscosities 
L/D, L/D, = geometrical ratios 


DG/u based on, equivalent 


INTRODUCTION 


The object of this investigation was to determine local or point 
coefficients of heat transfer from metal to superheated steam at 
pressures up to 3500 psia, for a heater having an outside diameter 
of 0.25 in., concentrically located in an unheated vertical jacket 
having an inside diameter of 0.382 in. Mass velocities in the 
annulus were to be restricted to the range from 55,000 to 165,000 
Ib per hr per sq ft of cross section. Heater temperatures were 
to be as high as possible. 


REVIEW OF THE LITERATURE ON HEATING AND CooLING 


Turbulent Flow Inside Tubes. Various mathematical analogies 
between the transfer of heat and momentum lead to quantitative 
relations among four dimensionless moduli as follows: 


hmD/k, mean Nusselt number, based on heated length 
cu/k, Prandtl number, which is ratio of molecular diffusivity 
of momentum (n/p) to molecular diffusivity of heat (k/pc) 
py = DE: “diameter” Reynolds 
u/p Lu 
number, which is a ratio of acceleration forces to viscous forces. 
fm, mean friction factor, equal to shear stress at wall, divided 
by Pp V3). 29.. 
In deriving the analogies, various simplifying assumptions are 
made, such as, the flow is fully developed and incompressible, 
the physical properties are independent of temperature, and 
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the velocity distribution is known and is independent of At. 

Owing to lack of fundamental information on temperature and 
velocity profiles, experimental data on mean heat-transfer co- 
efficients are usually correlated empirically in terms of the first 
three of the dimensionless numbers just listed, or their equivalent. 
The empirical equations differ as to the temperatures at which 
the physical properties are evaluated. To allow for variation 
in properties with temperature, ratios such as w/uw, p/pw, and 
k/k,, are sometimes introduced. 

In the last 16 years three types of equations have been ac- 
cepted generally for predicting coefficients for heating fluids 
flowing inside tubes: 

All physical properties are based on bulk-stream temperature t 


Nig D/k ar 
=") \iseawk ee O re eee: a ee {1] 
(cu/k)™ ro 
Reference :4 a m Equation 
(6), (12) 0.024 0.4 {la] 
(10), (11) 0.023 0.4 {1b] 
(7) — 0.021 1/3 [le] 


All physical properties are based on bulk-stream temperature, 
except u, is taken att, = (t + t,,)/2 


Reference: a m 
(4) 0.023 IL fiS3: Fue cok tansrs is uexen ensues (2] 
All physical properties are based on bulk-stream temperature, 
except [yy 
(him D/k) ( Hw \™ pa 
a ee ONG =a\— Bid Neel oR he [3] 
(cu/k) b bu 
Reference: a m Equation 
(13) 0.027 1/3 [3a] 
(2) 0.023 1/3 [3b] 


The foregoing equations are based on experimental data for 
relatively small values of At; at moderate At, they predict ap- 
proximately the same values of h,, for water. 

A recent paper (8) reports data on heating air at At up to 940 F 
and at DG/» from 10,000 to 230,000. Regardless of whether the 
physical properties were evaluated at the bulk-stream tempera- 
ture or at the wall temperature, the data fell on curves of chang- 
ing slope, and the data were lower than predicted by Equations 
[la] and [1b]. The data were brought into close agreement (8) 


by the equation 
(DV as rt 
SVs Se es le) ae ee a ee 
(cul) tg 7 


wherein all physical properties are evaluated at the wall tempera- 
ture, and a modified Reynolds number 


DV 
Hee - (D¥a) (#) (#) cut sak alae: [4a] 
Mu w M p Bb w 


was employed. With a bellmouth entry (8), and for L/D of 60, 
the constant a was 0.022 


IryD lk 


hinD/ky DVp,\"" 
a" = 9,022 | —*# 
Cia ee 2/ - ) ae [4] 
Alternatively, (cu/k),, could be omitted (8) giving 
h,,D DV pas 
—"— = 0.018 ile) wéligteene [4c] 
k, Pas 


No other data at high At are available for heating gases. The 


* Numbers in parentheses refer to the Bibliography at the end 
of the paper. 
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literature contains no reliable data on heat transfer to steam under 
conditions of high pressure and high At. 

Reference (1) shows curves of the local coefficient for air versus 
L/D for the entrance section of a tube at values of DG/» from 
17,000 to 56,000, for a number of entrance conditions. For 
flow in a tube following a sudden contraction, the initial value of 
h (for the first 0.56 diam) was roughly twice that at L/D of 10. 
Reference (3) reports results for DG/u from 18,000 to 8000, which 
indicate that the local heat-transfer coefficient varies as the 
minus 0.15 power of L/D, for the first 31.5 diam. 

Turbulent Flow in Annuli. While several equations have been 
proposed, the latest is that of reference (2) 

i. 


hD,/k bee obs re 
(Bloptayey* \ae), Slt ons F 


wherein all physical properties, except ,,, are evaluated at the 
bulk-stream temperature; D, is equal to 4 times the hydraulic 
radius based on total wetted perimeter, and is equal to D. — Dy. 

Further support of the use of D, is given by the results of refer- 
ence (5) for rectangular passages; as shown in reference (11),° 
these data ran 10 to 25 per cent below Equation [1)]. 


EXPERIMENTAL 


Introduction. To accomplish the objectives, an apparatus 
capable of withstanding pressures of 3500 psia at 1000 F and per- 


5 Reference (11), p. 198. 


Fic. 1 Htau-PressurE APPARATUS, WiTH Stee, Sarery Boor 


REMOVED 


(Right foreground, adjustable-stroke 4-cylinder pump, feed reservoir, and 
condensate-measuring tube. Heavily insulated 13-pass electrically heated 
series boiler is located in front of the a-c switchboard, and condenser and 
cooler are visible. Heavily insulated test section, and the d-c busbars, are 
mounted just behind control panel near nitrogen cylinder.) ; 
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Fie. 2 Test Section Brrore INSULATING 


(Leads to thermocouples installed inside heating tube are brought out 
through nitrogen-pressurized fitting at top. The d-c power connections and 
potential taps can be seen. Further details shown in Fig. 3.) 


mitting accurate measurement of the local heat flow and local 
temperature driving force was required. Condensing mercury 
vapor, molten metals, and fused salts were considered as sources of 
heat but were discarded in favor of electric heat generated in the 
wall of a metal tube. Because the wall of the electrically heated 
tube had to be thin to avoid use of excessive current and to mini- 
mize longitudinal conduction of heat, it was impossible to use the 
tube itself as the pressure vessel. Consequently, the electrically 
heated tube was pressurized internally with nitrogen, and was 
located concentrically in a high-pressure jacket, thus forming 
an annular passage for flow of steam. 

The procedure was to heat superheated steam as it flowed up- 
ward at a measured rate through the annular space. The heat 
dissipated by the heating element was calculated from electrical 
Measurements; the corresponding temperature of the heating 
element was determined by measuring the inside temperature 
and correcting for the radial temperature gradient in the wall. 
The temperature of the steam was measured at the entrance and 
exit of the test section and was corrected for heat losses. The 
point coefficient of heat transfer could be calculated from the 
data for given flow conditions. 

Apparatus. The apparatus was a flow system in which water 
was drawn from a reservoir and pumped through a preheater, a 
test section, throttle valves, a condenser and condensate cooler, 
and back to the reservoir. Views of the apparatus are shown in 
Figs. 1 and 2. Stainless steel, which has good corrosion resist- 
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ance and strength at high temperatures, was used as the mate- 
rial of construction. Safety devices included a movable steel 
booth enclosing the entire apparatus, two rupture disks calibrated 
to blow at 4400 psia, and an automatic device to shut off electrical 
power whenever the pressure decreased substantially. 

A four-cylinder pump of the positive-displacement type drew 
water from the reservoir at atmospheric pressure and injected it 
into the high-pressure system. The flow rate was measured 
volumetrically at the inlet of the pump. 

The preheater, seen in Fig. 1, took cold water from the pump 
and produced superheated steam at any desired temperature up 
to 900 F at flow rates up to 75 lb per hr. It consisted of 80 ft of 
3/s-in. extra-heavy stainless-steel pipe covered with insulation 
and electrical windings capable of dissipating 35 kw at 110 al- 
ternating current. Power to the preheater was controlled by 
switches on each of 12 electrical windings and by a Variac on the 
last winding. Total preheater power was indicated by a watt- 
meter. A spiral strip of stainless steel was inserted in the last 
two 6-ft lengths of the preheater to impart a centrifugal motion to 
the fluid, so that any entrained liquid would contact the heated 
wall and thus be vaporized. 

The test section (Figs. 2 and 3), consisted of a vertical annulus 
in which a stainless-steel heating element was mounted coaxially 
inside a pressure jacket which had an inside diameter of 0.382-in. 
Removable end closures on the pressure jacket were equipped 
with insulated nickel leads which supplied electrical power. The 
heating element was a stainless-steel tube having an outside 
diameter of 0.252 in., a length of 12.28 in., and a wall thickness of 
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0.0332 in. At the lower end it was silver-soldered to an adapter 
on a flexible connection which served as an expansion Joint and 
electrical lead. At the upper end, the element was silver- 
soldered to a hollow nickel electrical lead through which were 
inserted four chromel-alumel thermocouples, spaced at 3-in. 
intervals. By means of a special fitting on the open end of the 
upper nickel lead, nitrogen pressure was applied to the inside of 
the heating element to prevent collapse under the external pres- 
sure of the steam. 

Tron-constantan thermocouples were installed in wells at the 
entrance and exit of the test section to measure steam tempera- 
tures. Ten thermocouples were installed in small radial holes 
in the wall of the pressure jacket to permit estimates of tempera- 
ture at the inner surface. 

Power to the test section was supplied by a 15-volt 1000-amp 
direct-current generator. To measure voltage drop across the 
heating element a voltage-divider circuit, consisting of a 10-ohm 
resistor and a 1000-ohm resistor, was connected across the heat- 
ing element. A calibrated 0.00005-ohm resistor was connected 
in series with the heating element to determine the current. 
The voltage drop across the 10-ohm resistor and the 0.00005-ohm 
resistor, and the potential generated by the thermocouples, were 
measured by means of a portable precision potentiometer. 

Following the test section, !/s-in. and °/s-in. needle valves were 
installed in parallel to throttle the steam from operating pressure 
to that at the entrance to the condenser and cooler. 

Operating Procedure. Before mounting a heating element in 
the test section, the resistances of its component parts were deter- 
mined. The thermocouple assembly was then inserted in the 
heating element, which was mounted in the test section. The 
end closures were secured, and the system was pressure-tested. 

The throttle valves were opened, the pump was started, and 
the desired flow rate was set by adjusting the stroke of the pump. 
The power to the preheater was then turned on and adjusted to 
approximately the desired value, and the temperature of the sys- 
tem was allowed to rise. The desired operating conditions 
were approached by adjusting the throttle valves and the power 
to the preheater. After a final adjustment of the pump to the 
desired flow rate, the system was allowed to come to a steady- 
state condition. 

The approach to steady-state condition was determined by 
plotting the difference between the millivolt readings of the ther- 
mocouples measuring inlet and outlet steam temperature versus 
time. When this temperature rise became substantially con- 
stant, arun was begun. Each run was made with constant flow 
rate, pressure, and temperature of the inlet steam. 

The first one or two data points in each run were taken with 
no power to the heating element, in order to determine the heat 
loss. Data points were then taken at various settings of power 
input to the test section. Most of the runs were concluded at 
power inputs such that the temperature inside the heating element 
did not exceed 1300 F, because early runs showed that operation 
at higher temperatures caused warping and discoloration. 

Method of Calculation. For each setting of power to the test 
section, the total density of heat flux, the heat transferred by 
radiation (see Appendix), the temperature of the outside wall of 
the heating element, the bulk temperature of the steam, the At, 
and the local coefficient of heat transfer were calculated. Hach 
of these factors was evaluated at four positions corresponding 
to the locations of the thermocouples inside the heating element. 

The power dissipated by the heating element was calculated 
by using the product J?R where J is the current through the heat- 
ing element and R is the resistance at the average wall tempera- 
ture. The density of heat flux was then calculated from the 
power dissipated and the dimensions of the heating element. 
The temperature of the outer wall of the heating element was 


TRANSACTIONS OF THE ASME 


MAY, 1950 


determined from the temperature of the inside wall by subtract 
ing the temperature drop through the wall 


1 2 ; 
tog ee Ee Hk ae [6] 
dA, ky 2 ie = 7,2 V5 


(au) tefl tr 
(At), = (2a) i . ar 6 - Be ith AO [6a] 


Equation [6] was derived by assuming uniform generation of 
heat per unit volume of the wall and constant thermal conduc- 
tivity at the average wall temperature; Equation [6a] follows 
upon expansion of the logarithmic term. For the densities of 
heat flux employed, the (At),, calculated from Equation [6a] was 
sufficiently close to that calculated by allowing for variation of 
thermal conductivity and electrical resistivity with temperature. 

Since the temperature of the steam was measured only at the 
entrance and exit of the last section, it was necessary to calculate 
the temperature of the steam at the positions corresponding to 
the four thermocouples. The heat lost by the steam while it 
flowed from the entrance to any point in the test section was de- 
termined from data at zero heat input. The heat generated by 
the heating element up to the same position was calculated. 
The increase in the temperature of the steam from the entrance 
to the desired location was calculated by difference. 

The local rate of heat transfer by the combined mechanisms of 
conduction and convection (dg,/dA,) was obtained by deducting 
an estimate for radiation (dq,/dA,) from the total local flux 
(dq,/dA,). Since the emissivity and absorptivity of water vapor 
for radiation have not been investigated at high pressure, it was 
necessary to extrapolate the values from atmospheric pressure (see 
Appendix). The radiation correction never exceeded 12 per cent 
and usually was less than 10 per cent. 

The local At and the local density of heat flux dg,/dA, were used 
to calculate the local coefficient of heat transfer 


a dA ada he dA, [7] 
= ner Top eae 
RESULTS 


Twenty-seven runs were made, of which twenty-five were suc- 
cessful. The ranges of pressure, temperature, and mass velocity 
are given in Table 1. Over-all heat balances were good, allowing 
for heat losses. Points of two kinds were eliminated; those for 
outer wall temperatures above 1300 F, and those with At less 
than 100 F. The points in the former category were discarded 
because there was the probability of distortion and oxidation of 
the heater. All data with A¢ of less than 100 F were eliminated, 
since slight changes in line voltage to the preheater made precise 
control of the steam temperature difficult; a change of 1 per cent 
in the preheater power resulted in 10 to 12 F change in steam 
temperature. 

The local Nusselt numbers, Prandtl numbers, Reynolds num- 
bers, length-diameter ratios, and viscosity ratios were tabulated 
for all the data to be correlated. Local Nusselt numbers at 
L/D, of 57 are plotted in Figs. 4, 5, and 6. 

Plots similar to Figs. 4, 5, and 6 were made for local Nusselt 
numbers'at L/D, of 11.4; the trends were similar to those shown 
in Figs. 4, 5, and 6. In addition, plots similar to Figs. 4 and 6 
were constructed for the local Nusselt numbers at L/D, of 37 and 
80. 

The effect of L/D, was determined from Fig. 6 and similar 
plots. The best straight line was drawn through each set of 
points, and the constant K in the equation 


Fea CRP ES cw tiie Bane [8] 
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TABLE 1 RANGES OF VARIABLES 
Pressure, Run q qe/ Ao Al, 

psia no, 1000 1000 t, deg F deg F 
115 27 55 30-53 477-735 267-540 
26 110 38-93 441-668 198-564 
24 165 44-110 429-591 178-513 
25 165 48-103 639-790 177-442 
500 1 56 11-61 569-821 107-624 
2 110 26-48 541-643 130-291 
8 110 33-85 606-791 170-487 
9 110 33-56 617-729 168-357 
16 110 22-48 913-948 110-242 
3 165 47-108 544-673 167-507 
1000 6 55 27-44 612-755 225-481 
4 110 27-74 590-705 120-444 
14 110 24-47 915-1000 116-250 
5 165 35-107 602-713 114-465 
2000 r¢ 55 24-40 711-812 166-425 
18 55 23-28 922-1011 171-258 
11 106 35-69 713-789 148-405 
15 110 23-48 934-1012 105-248 
12 164 57-98 730-808 193-402 
19 153 30-65 924-1012 104-238 
3000 17 110 24-47 924-970 100-225 
22 97 29-51 886-967 130-284 
20 160 29-72 932-980 100-271 
3500 23 96 27-52 891-964 112-293 
21 156 72-72 960-1000 226-238 
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was evaluated for each L/D,,. 
plotted against L/D,, yielding 


Fig. 7 shows these values of K 


CTA) WRB OOPS. choscaun duces [9] 


The final correlation, involving local coefficients at four dif- 
ferent values of L/D,, is given in Fig. 8 


teal e ) Hine 0.0126 Cane 10 
(eu/ty ND, ; gy ee . [10] 


Since the simplified dimensional equation 


h _ S (2—4t) _ 0.0144 
cG = A (t, — t) a5 (DG)? sence ee eee {11] 


correlates data for certain common gases at moderate At, this 
type of correlation was tried for the present data on steam at one 
L/D,. A plot of h/c versus G gave a slope of 0.87, but the 
maximum deviation from the main line was +40 per cent. The 
term h/cG®-8’ was plotted versus film temperature, but separate 
curves were obtained for the several pressures. 
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Fic. 8 RECOMMENDED CORRELATION oF ALL RESULTS 


Discussion of RESULTS 


In Fig. 4 all of the local Nusselt numbers lie below the dotted 
line of reference (13) for mean Nusselt numbers, and most of the 
data fall below the dotted line of reference (2). The solid line 
represents an average of the data. The points at pressures of 
3000 to 3500 psia are close to the line, most of those for 115 to 
500 psia are above, and most of those for 1000 to 2000 psia are 
below. 

In Fig. 5 the correlation is better than in Fig. 4. The slope of 
the curve is the conventional value of 0.8, the same as that re- 
ported (8) for air flowing in a tube, with At up to 940 F. The 
ordinate contains an exponent of !/; on the Prandtl number, in 
place of 0.4. For the pressures and temperatures involved, the 
ordinate would be changed but little by using (cu/k),°:4 instead 
of (cu/k), /*. Consequently, it is interesting to note that Fig. 


5 gives a constant of 0.0226 for the local Nusselt number at L/D, 
of 57, as compared with 0.022 for the mean Nusselt number for 
L/D, of 60, Equation [4b]. At a given pressure, the thermal 
conductivity of steam may either decrease or increase with in- 
crease in temperature, while for low-pressure air, k always in- 
creases with increase in temperature. Furthermore, as tempera- 
ture increases, the Prandtl number decreases more rapidly. for 
steam than for low-pressure air. 

The plot (not shown) of Y’ versus X’, at L/D, of 11.4, gives 
a constant of 0.0267, which is higher than the constant of 0.0226 
at L/D, of 57. 

In Fig. 6 the correlation is distinctly better than that in Fig. 
4, and is somewhat better than that in Fig. 5; the same was true 
for L/D, of 11.4. Consequently, the co-ordinates Y” and X” 
were employed for the final correlation. Fig. 7 shows that 
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L/D, entered to the minus 0.13 power. The recommended cor- 
relation of the local Nusselt. numbers at the four values of L/D, 
is given in Fig. 8. The equation of the line is given by Equation 
{10], in which all physical properties are evaluated at the film 
temperature, t, equals (t,, + t)/2. This equation correlates all 
the data, but should not be extrapolated outside the range of the 
data. At lower Reynolds numbers, modified streamline flow 
would prevail, and other dimensionless groups would be in- 
volved; at higher Reynolds numbers, the slope might decrease. 
At L/D, above 80, h may become asymptotic. 

Values of viscosities were taken from reference (15), thermal 
conductivities were taken from reference (16), and: the other 
properties were taken from steam tables (9). The range of values 
of u,;, ky and c,u/k, for each pressure is shown in Table 2. 


TABLE 2 RANGES OF PHYSICAL PROPERTIES 


Pressure ly By ky (cu/k)f> 

115 518 0.0443 0.0240 0.95 
1011 0.0726 0.0525 0.79 

500 606 0.0503 0.0294 1.01 
1132 0.0820 0.0646 0.77 

1000 650 0.0535 0.0338 1.18 
1134 0.0830 0.0656 0.76 

2000 787 0.0639 0.0441 1.21 
1140 0.0859 0.0673 0.82 

3000 951 0.0765 0.0551 1.03 
1116 0.0874 0.0665 0.88 

3500 947 0.0774 0.0580 1.13 
1120 0.0893 0.0675 0.92 

CONCLUSIONS 


1 The use of electric heat developed in a thin-walled tube 
minimizes longitudinal conduction and permits measurement of 
local coefficients of heat transfer to steam flowing upward through 
a vertical annulus. 

2 For a given Reynolds number and Prandtl number, the 
local Nusselt number always decreases as L/D, increases, regard- 
less of the temperature at which the physical properties are evalu- 
ated. : 

3 For a given L/D,, the method of plotting used in Fig. 6, 
with all physical properties evaluated at the film temperature, is 
distinctly better than that in Fig. 4, and is somewhat better than 
that in Fig. 5; the quantitative effect of L/D, from 11.4 to 80 is 
shown in Fig. 7. 

4 The recommended correlation of all the data is shown in 
Fig. 8 and is given by Equation [10], which should not be extra- 
polated outside the range of data shown in Fig. 8. For a given 
Reynolds number the maximum deviation in the ordinate is 28 
per cent, and the average deviation is 7 per cent. 
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Appendix 


Heat TRANSFERRED BY RADIATION 


Since the present data were obtained for steam flowing in an 
annulus with an outer jacket that was colder than the flowing 
steam, an estimate was made of the net radiation from the heat- 
ing element to the flowing steam and the outer jacket. 

Professor H. C. Hottel of the Chemical Engineering Depart- 
ment at the Massachusetts Institute of Technology, derived an 
exact general solution of the problem by the method outlined by 
Hottel and Egbert (11). The result, a multiple-series equation, 
was too complex. A simplification, similar to the one used by 
Hottel and Egbert, gave the following equation 


7. \4 
(q/A), = 0.173 €’,, ey lerapetan lenara) lie, 


T, . Th 4 
ee (2) 3) (lk = Chg) (2) an ahaa fens {12] 


gas absorptivity for specified beam length and pressure 
emissivity of steam for specified beam length and pressure 
e; = emissivity of stainless jacket 

emissivity of stainless heater at 7’, 

effective emissivity of heating element equal to (1 + 


Ew) /2 


fa) 
I 


nm 
lI 


T, T;, 7, = absolute temperatures of heating element, jacket, 
and steam, respectively, in deg Rankine 

Ll = effective beam length for gas radiation from heating ele- 
ment to gas 

L2 = effective beam length for gas radiation from gas to heat- 
ing element 


Nore: Beam lengths L1 and L2 were assumed equal to 1.4 
times clearance between heating element and jacket. 

Since the present work was done at pressures far in excess of 
any for which gas-radiation data are available, the evaluation of 
the gas emissivities and absorptivities required an extrapolation 
of the existing data. Emissivities and absorptivities for gas 


6 The emissivity of stainless steel (14) was taken as a linear function 
of temperature, based upon 0.44 at 420 F and 0.36 at 914 F. 
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radiation (extrapolated to zero pressure were taken from Fig. 29 
of reference (11), and were multiplied by the correction factor C; 
from Table 3, extrapolated from Fig. 30 of reference (11), 


TABLE 3 VALUES OF (i 


LEE NaN ol oi Be 115 500 1000 2000 3000 3500 
Leben ccueicKG 7.82 34.0 68.0 136 204 238 
PL, atm-ft..... 0.119 0.515 1.03 2.06 3.09 3.60 
eRe e OTE © 1.85 1.75 1.65 1.50 1.45 1.42 


As pressure increases C; decreases, but the emissivity at zero 
pressure increases faster than C; decreases; consequently the 
emissivity (Cepw =0) increases. For example, at 1000 F, the emis- 
sivity increases from 0.156 at 115 psia to 0.568 at 3500 psia. 

The simplified Equation [12] was shown to agree within 3 per 
cent of the exact equation for a typical case which was computed 
by both methods. 


Addendum 


Subsequent to the submission of this paper, new data on the 
thermal conductivity of steam became available through the 
courtesy of Prof. F. G. Keyes of the Department of Chemistry, 
M.I.T. The new data of Keyes and Sandell? are shown in Fig. 
9 of this addendum, for comparison with the earlier data of Tim- 
roth and Vargaftik (16) which were employed in the original cor- 
relation of Fig. 8. The new data have been extrapolated beyond 
a temperature of 660 F and pressure of 2200 psia by means of 
the correlating equation developed by Keyes and Sandell. The 
per cent deviation of the new data from the old becomes acute 
at high temperature, but is practically independent of pressure. 

The new values of thermal conductivitiy were employed to re- 
calculate all of the present data at L/D, of 57. Plots of the re- 
calculated data were made utilizing the parameters of Figs. 4, 
5, and 6; the correlation of the 
type shown in Fig. 4 was very 
poor, that similar to Fig. 5 was 
fairly good, although the ex- 
ponent on the Reynolds num- 
ber was 0.71, and the best one 
was again the correlation em- 
ploying film temperature simi- 
lar to Fig. 6. 

All the present data were 
then recomputed using the 
parameters of Fig. 6, and the 
effect of L/D, was redeter- 
mined. The final revised equa- 
tion, correlating all of the heat- 
transfer data and based upon 
the thermal conductivities ex- 
trapolated from the data of 
Keyes and Sandell is 
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As shown in Fig. 10 of the ad- 
dendum, the maximum error is 
17 per cent, as compared with 
28 per cent for the correlation 
in Fig. 8. 20 
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7“‘New Measurements of the 
Heat Conductivity of Steam and 
Nitrogen,” by F. G. Keyes and 
D. J. Sandell, presented at the 
Annual Meeting, New York, N. 
Y., November 27—~December 2, 
1949, of Taz Amprican Society 
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Advantages of the revised correlation are (a) retention of con- 
ventional 0.8 power on the Reynolds modulus; (6) adoption of 
the fadeaway function for L/D,, and (c) adoption of a value of 
0.0214 for the constant in close agreement with established 
values at high L/D,. It is worth noting that the fadeaway type 
of L/D, correction could not have been obtained with the earlier 
value of thermal conductivity. The revised correlation is ex- 
pected to be ‘considerably. better than the original one for pur- 
poses of extrapolation. 

Further work remains to be done in extending the range of 
physical properties. Viscosities are still in question. 

The authors desire to acknowledge the co-operation of Prof. 
F. G. Keyes in making his data available. 
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Perry Istanp Stock Pites Prior To 1946 


Philadelphia Electric Company Adopts 
Mobile Coal-Handling Equipment 


By E. C. RUSSELL,! PHILADELPHIA, PA. 


The paper covers the change from storing and reclaiming 
coal by cranes and locomotives to the use of standard self- 
propelled earth-moving equipment. The size and type of 
equipment are described, as well as its use. The change 
in design of storage piles is also considered. Description of 
new storage systems designed for the use of mobile equip- 
ment is presented. An analysis of operating costs and ca- 
pacities is made with a comparison of the two methods. 


HE Philadelphia Electric Company in 1946 began to 

make a complete change in its method of handling coal 

into and out of coal-storage piles. Coal stock piles are 
maintained for emergency use only and are reclaimed only when 
there is an interruption of the regular supply. 

Coal is delivered normally to all but one of the six generating 
stations by barge, where it is unloaded by coal-tower clamshell- 
bucket installations. At the sixth station, barge facilities are not 
available and rail coal is unloaded into track hoppers. 


1 Supervisor, Coal Bureau and Steam Heating Division, Philadel- 
phia Electric Company. 

Contributed by the Power, Fuels, and Materials Handling Divi- 
sions and presented at the Annual Meeting, New York, N. Y., No- 
vember 27—December 2, 1949, of THs AMpRICAN SocieTy or Mr- 
CHANICAL ENGINEERS. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 49—A-63. 


Prior to 1946 the company’s method of coal storage was in 
piles between a system of parallel tracks. Fig. 1 shows the Petty 
Island coal-storage-plant stock piles prior to 1946. Fig. 2 is a 
recent view of the same location. These tracks were laid out on 
approximately 110-ft centers to give maximum height and width 
to the piles, using locomotive clam-shell cranes with 60-ft booms. 
This arrangement resulted in piles 100 ft wide and 30 to 35 ft 
high. On reclaiming, the cranes loaded into company-owned 
hopper cars. A locomotive switched these cars over track hoppers 
with a conveyer system which transported the coal to the normal 
bunker conveying system, or in the case of the Petty Island coal- 
storage plant, to a coal barge for transportation to a generating 
station. For storing coal, these same hopper cars were loaded 
at the coal tower by chutes fed by the coal-tower conveying sys- 
tem. A locomotive switched the cars to the storage yard, and 
the locomotive clamshell crane unloaded them. 


CHANGE TO MosiLe EQUIPMENT 


In March, 1946, we received the first piece of mobile coal- 
handling equipment on our initial order of three units. The 
other two units followed a short time later, and, by the end of 
the year we had acquired four more. Two more were put into 
operation early in 1949. These units are heavy earth-moving 
machines designed for construction work, self-propelled, bottom- 
loading, scraper type with four pneumatic tires. They have 
sufficient power to move their loads at relatively high speeds up 
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Fie. 2 Prrry Istanp Stock 


10 per cent grades and unload while moving, but need assistance 
in loading. 

They are all Super “C” Tournapulls with Model LP Carryall 
scrapers, manufactured by R. G. LeTourneau, Inc., Peoria, Ill. 
The engines are 4-cycle 6-cylinder Diesel engines. Five of the 
nine are 150-hp Cummins engines, while the other four are 124-hp 
Hercules engines. The maximum speed of these units is 14.38 mph. 
The scraper capacity is 12.1 cu yd; heaped it has a 15-cu-yd ca- 
pacity. 

On the reclaiming cycle, we average 81/. to 9 tons per load. 
On the storing cycle, since they are loaded by an overhead chute, 
a pant-leg-type hopper had to be designed to straddle the operat- 
ing mechanism directly over the center line of the bowl of the 
scraper. This increases the tonnage per load on storing to 11 tons. 
Fig. 3 shows one of the units. 

Self-propelled units have the advantage of the greater speed 
on the longer hauls and are usually more economical than the 
crawler-tractor-drawn scrapers on hauls over 600 or 800 ft on 
earth-moving work. However, the self-propelled units are 
favored even on the shorter hauls, for unlike most earth-moving 
work they are mechanically loaded when storing coal which 
theoretically is 50 per cent of their operation. 


Pires ror Mosite EQuipMENT 


Self-propelled units being rubber-tired vehicles have the added 
advantage of being better-suited for use around paved station 
yards. They are also readily transferred over the road under their 
own power to another location. At times it is advantageous to 
be able to transfer a unit from one station to another to assist in 
the movement of coal. 


Track-TyePE BULLDOZERS USED 


Since the inception of mobile coal-handling equipment we have 
purchased four track-type bulldozer tractors. They are all 
Oliver Cle-Trac Model FDE with 130-hp Hercules Diesel en- 
gines. This is the largest tractor Oliver Cle-Trac make and is 
comparable in size to the International TD 18 or the Caterpillar 
D8. All four tractors are equipped with bulldozer blades as 
well as a power control unit on the rear. The power control 
unit is used to cable-operate a drawbar for towing the scrapers to 
assist loading on the reclaiming cycle. 

The scrapers are equipped with a pusher pad on the rear for 
pusher-loading by a bulldozer. However, we have established a 
definite policy of not using this method of loading because our 
self-propelled scrapers are clutch-steered on the driving wheels. 
This presents the possible hazard of jackknifing if the bulldozer 
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is pushing faster than the scraper engine is driving it. Also there 
is some possibility of the bulldozer blade cutting a rear tire of 
the scraper if proper contact is not made. It is felt that our 
method of loading has the added advantage of leaving the scraper 
operator’s hands free to operate the power control unit, and his 
attention therefore can be directed toward the loading of his 
machine, since the tractor is towing, and thus guiding its direc- 
tion. Later models of Tournapulls have positive steering, and 
likely there are advantages in push-loading them. 

One other point in connection with the clutch-steering model 
is that the ramps or inclines on the storage piles should be straight 
if possible, especially if the change is being made to this method 
of storage, and men are being trained in the operation of this 
equipment. This is mentioned because it is necessary to have 
power on the driving wheels for steerage; if the practice is to 
coast down the incline with the engine idling, it is necessary to 
reverse clutch or “cross-steer.”” This of course is no problem for 
experienced operators. 

The drawbars used for towing or snatch-loading are approxi- 
mately 16 ft long with a 24-in. eye in a horizontal plane on the out- 
board end to engage a hook, mounted point down on the front end 
of the engine frame at the bottom. Fig. 4 shows a bulldozer pre- 
paring to snatch-load a scraper. The oil pan of the engine crank- 
case is protected with heavy plates so the eye can slide onto the 
hook. The drawbar is raised and lowered through a series of 
cables and sheaves by the power control unit on the rear of the 
tractor. Thus the scraper to be loaded drives up to the rear 
of the tractor in line with the drawbar. The drawbar is raised by 
the tractor operator, and upon engagement the tractor starts 
its tow. The operator of the scraper then concentrates upon the 
operation of the power control unit which raises the gate and 
lowers the bow! of the machine. When loaded, he lowers the 
gate, raises the bowl, speeds up, and turns to avoid the tractor, 
at the same time the tractor operator is lowering the drawbar. 


Mernop or Srorine Coat Wire Morte EQureMENT 


The method of storing coal with mobile equipment is entirely 
different from old methods with locomotive cranes. The Phila- 
delphia Electric Company made the change-over to mobile equip- 
ment at an opportune time. Due to mine strikes, the coal stocks 
in 1946 were reduced to the lowest level at any time in the pre- 
ceding 12 years. Thus we were able to remove the parallel 
tracks and relocate essential trackage where necessary, so that 
stock piles could be laid to the best advantage for this type of 


equipment. 
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It is readily apparent that one of the advantages of this method 
of storage is the increased quantity that can be stored on the same 
area. The parallel piles with the tracks between reduce the 
volume by approximately 50 per cent. 

Figs. 1 and 2 show a very good comparison of the two methods 
of storing coal. The piles in Fig. 1 total approximately 150,000 
tons of coal. The three piles shown in Fig. 2 total approxi- 
mately 180,000 tons. It is quite apparent they have not even 
approached their maximum height. Close study of the two illus- 
trations also will reveal that the piles in Fig. 2 extend possibly 
only one half the distance in the background compared with the 
piles in Fig. 1. 

Furthermore, with mobile equipment, piles of much greater 
height are possible. Scraper-type equipment is ideal for storing 
coal, since this method of unloading allows the coal to be laid 
down in thin layers. Rolling or any other method of compaction 
as a fire preventive is not necessary as the mobile equipment with 
its large pneumatic tires has increased the density in our piles 
from 60 to 69 lb per cu ft. The old method of packing was to 
run a small crawler tractor, dragging a section of railroad rail on a 
bridle over the pile constantly while storing coal. We still follow 
this practice with the large tractors, but to a much lesser extent, 
and then only to maintain a fairly level surface, and to pack and 
spread the extreme edges of the pile where a self-propelled unit 
might encounter difficulties from its outside wheels sinking in the 
soft edges. 

On the reclaiming cycle, the top of the pile is scraped off as 
evenly as possible, leaving the pile in shape for the time when 
coal is restocked again. One tractor will take care of the loading 
of two scrapers on the shorter hauls, while on the longer hauls 
three machines can be used. 

Where possible, piles should be laid out with the ultimate ton- 
nage desired in mind; so that the top of the completed pile will 
be as small as possible and still allow sufficient maneuverability 
for mobile equipment. This is essential because, in any case, 
there is a relatively large area of hard-packed coal, and the run- 
off of rain water resulting from a heavy downpour may be quite 
large. Provisions for handling this run-off should be made. 
If the top of the pile is made saucer-shaped, then the end result 
may be a small lake. At times of reclaiming, obviously, this is 
not desirable. The difficulties of handling wet coal in the usual 
chutes and conveyer systems, as well as the problems of burning 
extremely wet coal are well known. We have had some success 
in grading the top toward one or more wooden chutes to lead the 
water down the side of the pile. These chutes require uttention 
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occasionally, especially after a heavy rain. It is interesting to 
note that it has been found necessary to calk all cracks and keep 
the chute absolutely watertight or a serious washout beneath the 
chute may result. 

In changing to mobile equipment the weight of the loaded 
unit must be considered if there are light paving slabs, manhole 
structure, or underground facilities too close to the surface. Also, 
in locations of limited area, minimum maneuvering space should 
be studied. The scrapers on our system will turn in a space 40 
ft wide; however, we prefer a minimum width of 60 ft to improve 
maneuvering time. 

The reclaiming of finer sizes of coal from the highly compacted 
piles made by mobile equipment has at times given some trouble 
with poor flow of coal in the pipes from bunkers to pulverizing 
mills and stokers. Former troubles in the stoker hoppers have 
been eliminated by the installation of agitators. 


CoaL-HANDLING FACILITIES 


The Philadelphia Electric Company has stock piles at four 
generating stations, and a coal-storage plant on an island in the 
Delaware River. Petty Island—the coal-storage plant—serves 
the two stations without storage facilities by barge, and supple- 
ments the reclaiming at the other stations when necessary. 

The change-over to mobile equipment required very little 
change in coal-handling facilities. The track hoppers in all 
locations had to be covered with some form of heavy steel grating 
designed to carry the load of a scraper. With the large-diameter 
wheels this grating can be made quite open. 

On new installations, facilities are designed for the use of mobile 
equipment. At our Barbadoes Island Station where additional 
generating capacity was recently added, completely new coal- 
handling facilities were designed and installed for mobile-equip- 
ment use. This is the one station which must rely on rail coal 
delivery. The coal-unloading shed and track hoppers are laid 
out for the reclamation of coal by mobile equipment. The aver- 
age haul distance is approximately 500 ft. 

For storing coal, a scraper loading hopper was included in the 
design. This is a hopper of 20 tons capacity fed from the bunker 
conveying system so that a scraper can be loaded quickly without 
waiting for the normal flow of the 250 tons per hr of the conveying 
system, which would require approximately 3 min for loading. 
The haul distance for storing coal is approximately 400 ft. 

A new coal-storage yard with an ultimate capacity of 1,000,000 
tons is now in the planning stage. It is being designed to have a 
scraper loading hopper of 250 tons capacity and an ultimate rate 
of 500 tons per hr stocking by mobile equipment. For reclaiming, 
it is planned to have two unloading hoppers of 50 and 25 tons ca- 
pacity, respectively, and a reclaiming rate by mobile equipment of 
700 tons per hr. 


ANALYSIS OF OPERATING EXPENSE 


An, analysis of the various accounts involving the storing and 
reclaiming of coal, and the operation and maintenance of cranes, 
locomotives, and mobile equipment reveals some interesting 
figures. However, these figures must be analyzed in the light of 
our operating conditions and accounting methods. 

Three accounts were analyzed for the years 1944, 1945, 1947, 
and 1948. The year 1946 was excluded since that year involved 
the transition period from the old method of handling coal to the 
present method. The three accounts analyzed were (1) crane 
expense, (2) storing coal, (3) reclaiming coal. 

It should be noted that the operating and maintenance expenses 
of a locomotive or locomotive crane is charged to the crane 
account regardless of its use. Some are regularly used by the Gas 
Department for handling coke, coal, and ashes, while others are 
digging ashes and slag as well as handling coal at the various 
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generating stations—or making occasional lifts of heavy equip- 
ment. 

The crane account was analyzed in order to establish an average 
actual cost per hour of use for operating and maintenance ex- 
penses. 

The storing and reclaiming coal accounts were studied to 
determine the hours of equipment operation and the tons of coal 
handled. | 

One year of the maintenance account on the cranes was ana- 
lyzed completely to determine the ratio between material and 
maintenance labor so that the various years could be adjusted to 
1948 costs by material and labor indexes. It was found that 
approximately 40 per cent of the account was material, and the 
remaining 60 per cent was maintenance labor. This agrees favora- 
bly with studies that have been made on generating-station 
maintenance accounts. Therefore it was assumed these figures 
would hold true for all years. 

The maintenance labor costs of the various years were adjusted 
to 1948 costs by labor factors which have been established on 
actual conditions in the company. Materials in the maintenance 
account were also adjusted to 1948 costs by a materials index. 
A cost per hour of operation adjusted to 1948 costs was then de- 
rived for the cranes and locomotives for 1944 and 1945, and for 
the scrapers and tractors for 1947 and 1948. 

These costs per hour of equipment use were then applied to 
the respective year’s hours of equipment use on reclaiming and 
storing coal at two different locations. The two years for each 
method of operation were then combined to give weighted 
average costs. 

Table 1 gives the comparison between the old method of using 
cranes and locomotives and the new, using scrapers and tractors 
for both reclaiming and storing coal at the Petty Island coal 
storage plant. Table 2 is a similar tabulation for han- 
dling storage coal at Richmond Station. 


TABLE 1 COMPARISON OF OLD AND NEW METHODS AT 
PETTY ISLAND PLANT 
Equip- Equip- 
ment ment 
cost, cost, 
Tons dollars cents 
Tons per hr per hr per ton 
(1) (2) (3) (4) 
RECLAIMING CoAL 
Cranes and locomotives...... 87519 48.0 3.38 7.0 
Mobile equipment........... 26066 60.2 3.50 5.8 
Srorine Coan 
Cranes and locomotives...... 63399 47.9 3.39 763 
Mobile equipment........... 210009 74.2 3.43 4.6 


TABLE 2 COMPARISON OF OLD AND NEW METHODS AT 
RICHMOND STATION 


RECLAIMING COAL 


Cranes and locomotives...... 85856 43.6 3.33 70 

Mobile equipment........... 140176 43.3 3.35 ea 
Strorine Coa 

Cranes and locomotives...... 90839 35.1 3.36 9.6 

Mobile equipment........... 186825 69.8 3.39 4.9 


Referring to the tables, column (1) is the tons of coal handled. 
Column (2) is the tons per hour handled. Column (3) is the 
weighted average cost per hour of equipment use. Column (4) 
is equipment cost per ton of coal handled. All figures are a 
weighted average for the two-year period for the respective equip- 
ment. 

To be explicit, the 87,519 tons in column (1), Table 1, are the 
total tons of coal reclaimed during 1944 and 1945, at Petty Is- 
land. Column (2) is the tons in column (1) divided by the hours 
of operation in the two years. The 3.38 dollars in column (3) are 
the result of dividing the total of 1944 and 1945 equipment ex- 
pense by the total hours of operation for the two years. Column 
(4) is the total equipment expense divided by the tons of column 
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(1). Column (3) divided by column (2) will of course also pro- 
duce column (4). 

The same procedure was followed for the scrapers and tractors 
for the years 1947 and 1948. 

It is apparent from column 3 of either table that the equipment 
cost per hour is practically the same for the two types of equip- 
ment. This was also found to be the case when the total 1944 and 
1945 crane and locomotive account for the 28 pieces of equip- 
ment on the entire system was averaged and compared with a 
similar 1947 and 1948 figure for the 7 scrapers and 4 tractors. 
The two figures were 3.39 and 3.38 dollars, respectively, or so 
close that it would appear to have been intentional. 

However, on comparing the results in either table for the two 
types of equipment, it is seen that the tons per hour handled are 
25 per cent to 100 per cent greater than with the old method, 
with one exception, that is, reclaiming coal by mobile equipment 
at the Richmond Station. 

It must be understood that the tons per hour in column (2) 
for either reclaiming or storing coal are per equipment-hour in- 
cluding tractors as well as the scrapers. For instance, on the 
reclaiming cycle we will have to assume that the normal method 
of operation was one tractor and two scrapers. To find the 
approximate scraper tons per hour the 60.2 tons on the second 
line of column 2 of Table 1 will be three pieces of equipment times 
60.2 divided by two scrapers, or an average of 90.3 tons per hr 
reclaimed per scraper. However, on the storing cycle, the trac- 
tor is not usually used full time, hence the same ratio does not 
hold. 

The foregoing partially explains the greater tonnage per hour 
moved on the storing cycle compared with the reclaiming cycle. 
Another factor is the 2 to 2!/2 tons or approximately 25 per cent 
greater capacity of the scrapers when storing coal. On the re- 
claiming cycle, too, a little more time is consumed on the pile 
loading the scrapers than in loading them to haul to the storage 
pile. Likewise, in discharging their load in the hoppers when 
reclaiming, the machine must come to a complete stop, but, 
when storing, the discharging is done on the move, and the ma- 
chine continues on its route back to reload. The advantages of 
the self-propelled unit on storing are quite obvious regardless of 
the length of haul. 

The low tons per hour reclaiming rate at Richmond Station as 
compared to the Petty Island operation is due to several factors, 
as follows: 


1 The reclaiming hoppers at Richmond Station are not of 
sufficient capacity for mobile-equipment use. They are track 
hoppers for unloading railroad hopper cars and are now in the 
process of being rebuilt with a greater capacity. 

2 Operating conditions at the two locations are not the same. 
Petty Island is strictly a coal-storage plant and, when reclaiming, 
loads barges of as much as 2400 tons capacity. Richmond, being 
a generating station, reclaims the coal demands of the station. 
This station also burns two kinds of coal—stoker and pulverized— 
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and has two bunker belts in each bunker. Thus many times dur- 
ing a day of reclaiming there are short delays due to changing 
over bunker belts, changing from one bunker to the other, which 
also means changing from one storage pile to another. Further- 
more, reclaiming stock coal, especially if wet, always causes some 
operating difficulties with conveyer systems. It cannot be ex- 
pected under those conditions to deduct these short interruptions 
from the over-all equipment operating time. Hour meters in- 
stalled on each machine would of course give the actual hours of 
operation, 


It must also be pointed out that the total equipment-hours for 
either reclaiming or storing which were used to arrive at the 
hourly rate figure may include some nonproductive hours in so far 
as tons moved into or out of stock are concerned; since it is neces- 
sary at times to use the equipment to regrade a pile after con- 
siderable coal has been removed, or to clean up after a heavy 
rain may have damaged a pile. This time would be charged to 
one or the other accounts. Thus the data in the two tables are 
over-all figures for the two-year period and include all the equip- 
ment time relative to stock piles. 

We know from several spot checks for periods ranging from 1 
hr to a full day’s work that a scraper is capable of reclaiming 70 
to 90 tons per hr and will store better than 100 tons per hr. 

A real saving in the use of mobile equipment is the resulting 
laborsaving. Formerly at Richmond Station it was necessary 
to use two cranes and a locomotive, and work longer hours at 
overtime rates to supply the demands of the station. This 
would require two engineers and two firemen for the cranes, an 
engineer for the locomotive and a brakeman, a total of six men. 
Stocking coal, one additional man would be required to pack and 
spread the coal with a tractor. Today, with mobile equipment 
more coal is reclaimed or stocked with but three men, namely, 
two scraper operators and one tractor operator. Furthermore, it 
takes far less time to train a scraper operator than a crane opera- 
tor. 


CONCLUSION 


In conclusion, we feel that mobile coal-handling equipment is 
ideal for our conditions and methods of operation. For the 
first two full years of operation it has proved to be sound from an 
economy standpoint. We feel that the equipment is much more 
versatile than our former equipment for handling storage coal. 
If we find it necessary to store or reclaim coal on short notice it 
doesn’t seem like the major operation that it appeared to be pre- 
viously 

Finally, it must be remembered that mobile equipment is built 
primarily for earth moving and not for coal handling. Since coal 
is approximately one half the density of earth, it means that 
scrapers should be able to carry a considerably greater volume of 
coal than they are capable of handling. Therefore, from the 
standpoint of the buyer of equipment for coal-handling, improve- 
ments could be made. 
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PLan oF Coat-Hanpuine System, Osweco Srmam STATION 


Storing and Reclaiming Coal With Earth- 
Moving Equipment at the Oswego 
Steam Station 


By J. N. EWART,! BUFFALO, N. Y. 


Earth-moving equipment at the Oswego Steam Station 
of the Central New York Power Corporation has handled 
in excess of 3 billion ton-feet of coal during its first 9 
years of operation. Coal is stored in a single pile 100 ft 
high with no danger of spontaneous combustion. The 
paper describes the operation of bulldozer-carryall units 
and presents operating and maintenance costs. 


GENERAL DESCRIPTION 


HE coal-handling system of the Oswego Steam Station of 
the Central New York Power Corporation is a simple one 
and lends itself readily to expansion of the station Fig. 1 
is a plan of the coal-handling system, showing the location of the 
storage pile and its relation to the receiving and reclaiming points. 
It also shows the arrangement of belt conveyers which permit 


1 Chief Mechanical Engineer, Buffalo Niagara Electric Corporation. 
Mem. ASME. 

Contributed by the Power, Fuels, and Materials Handling Divi- 
sions and presented at the Annual Meeting, New York, N. Y., No- 
vember 27—December 2, 1949, of THe AmeErican Society or Mp- 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, October 
8, 1949. Paper No. 49—A-98. 


movement of coal to the house coal bunkers or to and from storage 
from either track hoppers or self-unloading lake boats. 

Although provision is made for either rail or lake delivery of 
coal, all coal is received by self-unloading boats which discharge 
directly to either a receiving hopper or to one end of a 1400-ft- 
long x 400-ft-wide stocking pile. This pile often reaches a 
height of 100 ft on the high end and has contained as much as 
560,000 tons of coal, Fig. 2. From the receiving hopper the coal 
is carried through a Bradford breaker direct to the house coal 
bunkers or to a stocking conveyer, equipped with a telescopic 
chute which discharges to the stocking pile about 300 ft from the 
wharf end. 


STOCKING AND RECLAIMING OPERATION 


The coal is moved into storage from the discharge of the self- 
unloader or from the stocking pile entirely by means of bull- 
dozer-carryall units. During the stocking operation a bulldozer- 
carryall unit makes a round trip of approximately 2000 ft every 
10 min. This trip starts at the stocking pile where the carryall 
picks up its load of 18 tons, carries it an average of 700 ft to the 
spreading area, and lays it down in a ribbon approximately 13 ft 
wide, 40 ft long and 10 in. thick, and then completes the circuit 
by returning for another load. Subsequent trips pack this ribbon 
of coal and integrate it with the rest of the pile to produce a sec- 
tion which is nearly impervicus to air and water. Test pits have 
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indicated that this coal is packed to densities of 80 lb per cu ft. 

Fig. 3 shows the operation on the top of the pile during stock- 
ing. There have been no fires in this coal pile to date and sec- 
tions of it have stood untouched for as long as 3 years. 

Oswego’s experience would indicate that many of the usual 
rules for successful storage of coal can be violated if coal is laid 
down in thin layers and adequately compacted. For example, no 
effort is made to avoid segregation though coal may be purchased 
from 60 mines varying in volatile matter from 17 to 37 per cent 
and sized from fine slack to double-screened and run of mine. 
Sulphur varies from 1 to 3 per cent. No particular effort has 
been made to provide a hard base or adequate drainage for the 
foundation, and there is no limit to the height of the pile. 

Coal is reclaimed entirely by means of the bulldozer-carryall 
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units. Two reclaiming hoppers are located along the length- 
wise toe of the storage pile, 300 ft apart. Additional hoppers can 
be provided if necessary to reduce the reclaim hauling distance. 
In reclaiming coal from the stock pile the coal is removed, in so 
far as possible, by working it off in vertical layers starting from 
one end of the pile. In this way the top surface of the pile is dis- 
turbed the least, and the nearly vertical surfaces which are ex- 
posed will absorb practically no water or snow. The coal is 
packed well enough that nearly vertical sides have been formed 
40 ft high with no experience of a cave-in. 

Since all of the coal is received by boat and, therefore, a year’s 
supply must be obtained during the favorable navigation season 
of approximately 6 months, there is necessarily considerable 
movement of coal in and out of the storage pile over the period 


Fic. 4 


of a year. For example, the total movement of coal in and out 
of storage for the 9-year period was 5,225,000 tons, compared 
with an amount burned during this period of 3,600,000 tons. 


OPERATING Data 


Table 1 shows the operating and maintenance cost of the bull- 
dozer-carryall equipment in dollars per 1000 ton-feet by years, 
covering the period 1945 to 1948, inclusive. Comparable infor- 
mation prior to these years is not available. 


TABLE 1 BULLDOZER-CARRYALL OPERATING AND MAINTE- 
NANCE COST DATA AT OSWEGO STEAM STATION 


Dollars per 1000 ton-feet 


Total coal 
handled, Operation Maintenance 
Year tons Labor Fuel Labor Material Total 
1945 614080 0.046 0.006 0.026 0.020 0.098 
1946 444894 0.067 0.006 0.035 0.011 0.119 
1947 700986 0.063 0.006 0.026 0.010 0.105 
1948 828985 0.064 0.008 0.032 0.021 0.125 
Average 0.060 0.006 0.030 0.016 0.112 


Figures are shown in Table 1 on the basis of ton-feet in order to 
consider the length of the haul as well as the tonnage in arriving 
at the unit costs. It is recognized that there is not necessarily a 
straight-line relationship between cost and hauling distance. 
The incremental cost for distance, once the carryall is loaded and 
under way, may be relatively small. Using the average total 
value of 0.112 per 1000 ton-feet for the 4 years, it may be seen that 
Oswego’s 700-ft out-haul cost was 7.8 cents per ton, and the 
500-ft reclaiming cost, 5.6 cents per ton. It is believed that the 
the maintenance cost of this equipment has reached its leveling- 
off value, except for possible increase in labor rates and material, 
since, at the end of 1948, the average life of the bulldozer-carryall 
units was 7 years, and a continuing program of replacing the 
older units has been developed. 

It is interesting to note that one bulldozer handled approxi- 
mately 500 million ton-feet before retirement. 


Track Hopper Burtpine anp Junction Tower, Oswreco Steam STATION 


INVESTMENT Cost 


The foregoing operating costs are exclusive of fixed charges on 
the capital investment. One of the advantages of mobile equip- 
ment, aS compared with permanently installed machinery for 
handling storage coal, is that the initial investment can be small, 
and only that which is required for the initial installation. As 
and if the station expands, the storage area and coal-storage 
equipment can be expanded as required and always with 
modern equipment. Much in the way of improved and more 
efficient mobile equipment for handling coal has been developed 
in the last 5 years, and further improvements are inevitable. 

Table 2 shows the capital investment in mobile equipment by 
years for the Oswego Station. Note that the initial investment 
was very small for the first few years of two-unit operation and 
increased as additional units were added. The original installa- 
tion at Oswego consisted of two 80,000-kw rated, 100,000-kw 
maximum turbogenerator units with steam conditions of 1250 psi, 
900 F. Each unit is supplied by a single boiler rated at 900,000 
Ib per hr. The third unit, essentially a duplicate of the first two, 
went into service in December, 1948. Installation of the fourth 
unit is now in progress and scheduled to be in service in 1951. 


TABLE 2 CAPITAL INVESTMENT IN MOBILE EQUIPMENT AT 
OSWEGO STATION 


Station 
capacity, Capital Bulldozer Carryall 
Year kw investment units units 
1940 80000 $54780 3 2 
1941 160000 54780 3 2 
1942-1947 160000 65544 4 2 
1948 240000 73143 4 3 


Fig. 4 is shown to emphasize that the coal-handling structures 
and even the coal pile itself can become not too unsightly if 
proper consideration is given to architectural lines and landscap- 
ing, followed by a desire on the part of the station operators to 
maintain a good appearance of the buildings and grounds. 
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Vibration of Marine-Turbine Blading 


By R. W. NOLAN,! NEWPORT NEWS, VA. 


The purpose of this paper is to give a general explanation 
of the vibration phenomena encountered in turbine de- 
sign. Detailed methods have been omitted. The behavior 
of a vibrating cantilever is expressed in terms of the excit- 
ing force and damping factor. The sources of damping 
and excitation are discussed. Impulse excitation is briefly 
considered and the reasons for its devastating effects are 
shown. The procedure of tuning low-pressure blading, to 
avoid resonance at the lower harmonics of the turbine 
speed, is explained in considerable detail. An apparatus for 
determining the natural frequency of blading, and another 
for applying both tensile and alternating bending stresses 
simultaneously, are described. The direct tensile stress in 
the test is plotted versus the alternating bending stress 
which causes failure, thus obtaining a curve which shows 
the resistance of the blade to any combination of these 
stresses. The designed stresses for certain turbine 
blades and the stresses involved in several blade failures 
have been plotted on this diagram for purposes of 
comparison. 


GENERAL 


N recent years there has been a demand for decreased fuel con- 
] sumption and a decrease in weight and space requirements for 
marine machinery. This of course had to be accomplished 
with no sacrifice in reliability because machinery failure can, on 
some occasions, endanger the life of the ship. The result of this 
demand has been a trend toward small high-speed turbines. 

In the case of the high-pressure turbine, little difficulty was en- 
countered in increasing speeds and a very rugged machine has 
been obtained. The low-pressure turbine, on the other hand, 
presents a complicated problem. The volume of steam passing 
through the last rows of blading is determined mainly by the 
horsepower and vacuum. This in turn approximately determines 
the diameter for the last blade row. With the diameter deter- 
mined, the speed in revolutions per minute is then governed by 
stress considerations. The blade is made as long as possible to 
obtain maximum area for the steam passages, but its height is 
limited by considerations of stress and vibration. The blading in 
the last few stages is a compromise governed by steam flow, 
vacuum, efficiency, wheel stress, blade stress, and vibration. 

At this point it should be mentioned that the last few rows of 
blading are not the only ones which can give vibration trouble. 
They are, however, the most susceptible to it and are the ones on 
which most vibration studies are concentrated. It is usually as- 
sumed that turbine blades are subjected to steady forces. Ac- 
tually, this is not entirely true. All turbine blades are subject to 
certain variations in force. In the great majority of cases these 
force variations do no harm. Occasionally, however, the vibra- 
tion characteristics of the blade might be such that a dangerous 
vibration could be set up by the exciting force variations which 
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are always present in the turbine. It is the duty of the designer 
to see that this does not happen. 


BrEHAviorR oF Bopres SussecreD To VIBRATORY FoRCES 


Before proceeding with specific turbine problems, it is desira- 
ble to review briefly the behavior of a simple vibrating structure, 
and to define the terms which will be used. For this purpose, con- 
sider a steel cantilever beam of constant rectangular cross section 
2in. X '/: in. and 12 in. in length. These scantlings have been 
chosen because they give characteristics which are not too far 
from those of a low-pressure exhaust blade. Assume further, 
that this beam is subjected to a force which varies sinusoidally 
with a maximum value of 0.6 lb uniformly distributed over the 
broad side. 

The behavior of the beam subjected to this force is shown in 
Fig. 1 in which the amplitude of vibration at the end of the blade 
is plotted as a function of the frequency of the applied force. At 
frequencies approaching zero, the amplitude of vibration is 
0.000208 in. which is equal to the static deflection produced by a 
force of 0.6 lb. As the frequency of the exciting force is increased, 
the amplitude increases until it theoretically reaches infinity at 
6800 cycles per minute (cpm) (following the solid curve). Above 
this frequency the amplitude drops sharply. If the frequency of 
the exciting force were increased sufficiently, the amplitude would 
be found to approach infinity again at 42,600 and 119,500 (cpm) 
and at still higher values. 

The frequencies at which the amplitude reaches infinity are 
the natural frequencies of this blade. The natural frequency at 
6800 cycles is the first critical or first mode and that at 42,600 
cycles is the second critical or second mode. The turbine de- 
signer is usually interested only in the first mode. The term “reso- 
nance” is used to describe the action which takes place when the 
frequency of the applied force coincides with a natural frequency. 
The terms “resonant” frequency and “critical”? frequency are 
frequently used for natural frequency. 

The curve under consideration is based on the assumption that 
there are no losses of energy in the vibrating system. Such a 
condition would be the equivalent of perpetual motion. Actually, 
frictional forces are always present, and it is fortunate that they 
are. Otherwise all turbines would strip out their blades in a rela- 
tively short time. 

In vibration problems the frictional resistance to vibration is 
expressed frequently as a damping coefficient. The dotted curve 
in Fig. 1 shows the behavior of this same blade with a damping 
coefficient of 0.10. At resonance, the amplitude of the first 


2 “Vibration Problems in Engineering,’”’ by S. Timoshenko, D. Van 
Nostrand Company, Inc., New York, N. Y., second edition, 1937, 
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critical (at 6800 cycles) is 0.00208 which is 10 times the amplitude 
at low frequencies. 

For each deflection which is shown in Fig. 1, it would be pos- 
sible to calculate the moment and stress in the material. This has 
been done in Fig. 2. At low frequencies the stress of 43.2 psi is 
equal to that produced by the exciting force of 0.6 lb acting stati- 
cally. At other frequencies, the stress is proportional to deflec- 
tion, and at resonance it amounts to 482 psi, or 10 times the stress 
at low frequency. The factor 10 is the magnification factor. It is 
equal to the reciprocal of the damping coefficient. 

This method of applying the magnification factor to the static 
deflection applies strictly to a concentrated mass on a weightless 
spring. Its application to deflection and stress of a turbine blade 
is an approximation which is sufficiently accurate for first-mode 
vibrations. It is not necessarily suitable for higher modes or for 
other types of structure. 

Those familiar with alternating-current theory will recognize 
these curves to be the same as those obtained with resonant elec- 
tric circuits. Magnification factor shown here is the same as the 
Q-factor which applies to series resonance in an electric circuit. 

The stress of 432 psi may appear low. It is low because a rela- 
tively high damping coefficient was used, in order to obtain a 
resonance curve which would plot well on a lantern slide. In 
actual turbine blades, the damping coefficient may be 0.005. 
This gives a magnification factor of 200 which would make the 
foregoing stress equal to 8640 psi. 


CAUSES OF DAMPING IN A TURBINE 


The factors which produce damping in turbine blades may 
be classified as elastic hysteresis, steam damping, and rubbing 
friction. Elastic hysteresis is internal friction in the blade ma- 
terial as it goes through the stress cycle. It varies widely with 
composition of the material and with temperature. It is difficult 
to determine experimentally; several investigators do not agree 
very well on the values. There is, however, enough information 
to permit a rough determination of the damping coefficient. 
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Another cause of damping is the resistance of the steam sur- 
rounding the blade. A rational method of determining the mag- 
nitude of steam damping would be to treat the velocity of vibra- 
tory motion as a change in blade speed, and to calculate the re- 
sultant change in tangential steam force. Application of this 
method shows the resultant damping forces to be rather small 
(less than hysteresis damping), and they usually are neglected. 

The third cause of damping is rubbing friction between surfaces. 
There is always some minute sliding at the points of contact be- 
tween the blade and the rotor, and between adjacent blades. 
The value of this damping is extremely variable, depending upon 
the design and on the fit which is obtained. Blades which are 
packed tightly together and are fitted accurately with considera- 
ble press fit, will have low frictional damping. Blades which 
are loose in the groove, or which are poorly fitted may have very 
high damping. In such cases the frictional damping will be many 
times that obtained by steam and hysteresis. This can be ob- 
served easily by striking the blades of a turbine rotor. Tight 
blades will ring clearly for a considerable time after striking. Ifthe 
blades are loose, they have a dead sound because the vibratory 
energy is damped out almost immediately after striking. A 
natural reaction to this fact would be the suggestion that blades be 
installed loose to prevent vibration. This expedient might well 
be successful but one would hesitate to install loose blades, be- 
cause of the possibility of wear caused by the movement. Further- 
more, a blade which is poorly fitted may sometimes have its 
natural frequency lowered so that it falls into a resonant condi- 
tion. It also may fail in the root, while tightly packed blades 
could not fail this way because they do not bend below the pack- 
ing piece. Because of the uncertain nature of frictional damping, 
it is neglected in calculations. 

A possible fourth source of damping is impact. It is closely re- 
lated to frictional damping and may occur to some extent between 
adjacent faces of blade roots. There are patents on devices such 
as hollow blades containing loose rods or balls which are intended 
to cause impact damping if the blade vibrates. It is doubtful 
that these will ever find extensive application to marine tur- 
bines. 

It thus appears that elastic hysteresis is the most dependable 
source of damping. Fig. 3 shows curves of the magnification 
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factors of 13 and 14 per cent chromium stainless steel. These 
curves, based on data from an article by Andrew Gemant,? are 
expressed as a function of the vibratory stress. 


* “Dependence on Stress of Damping Capacity of Alloys,” by 
Andrew Gemant, Mechanical Engineering, vol. 67, 1945, p. 33. 
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Exciting Forces Acting on Tursine BLADES 


It was mentioned previously that there are always variations 
present in the tangential steam forces acting on blades. These 
may be due to many causes. Among them is the variation of 
pressure around the periphery of the wheel. Pressure variations 
cause variations in the steam velocity acting on the blade. These 
variations are difficult to measure experimentally because of the 
large number of pressure readings which must be obtained. Fig. 
4, however, shows an approximate curve of pressure variation 
based on measurements at five points around the periphery of the 
last low-pressure stage of a turbine. One curve shows the dis- 
charge pressure and the other the inlet pressure for this stage. 
The last curve shows the variation in the Btu drop in the stage. 
In this case the maximum variation was about 12 per cent of the 
average heat drop. This is probably an extreme case since it is 
the last stage of a heavily loaded turbine. 

Similar effects will be found at any point in the turbine where 
steam is being admitted or extracted. Designers frequently go to 
considerable pains to distribute steam uniformly in bleeder belts, 
chests, inlet belts, and in the space between the high-pressure 
first and second stages. In spite of their best efforts variations 
still exist. ; 

Lack of uniformity in nozzles or blading also may be a source of 
uneven steam force. The discontinuity at the horizontal joint 
in the casing is a further possibility. It is difficult to keep the 
spacing of the nozzles, which span the joint, the same as that in 
the remainder of the ring. The conditions at the joint then may 
result in a different size of nozzle jet and, possibly, a different 
discharge angle. The blade rotating past these points will ex- 
perience two impulses at each revolution. 

The most severe form of excitation which occurs in turbines is 
known as impulse excitation. It usually occurs only in the high- 
pressure first stage and in astern turbines. In these stages steam 
is admitted to the wheel over a portion of the periphery, usually 
less than 180 deg. As the blade rotates, it enters the steam arc, 
receiving a sudden application of the full steam force. When it 
passes out of the steam arc, the sudden removal of the steam 
force is equally severe. The force variation is thus equal to 100 
per cent. 

Fortunately, the blades which receive this punishment are 
among the shortest and most rugged in the whole turbine. In 
spite of this, impulse excitation has been a serious problem to 
shore power plants, and it resulted in a number of failures 
before the cause was discovered. The shore turbines which suf- 
fered these breakdowns were high-pressure topping turbines 
which used large quantities of high-pressure high-temperature 
steam (1200 psi, 950 F). Conditions as severe as this have not yet 
been imposed on marine turbines and therefore failures of first- 
stage blading have been few. Present trends in marine steam con- 
ditions may bring on this trouble, and the designer must be alert 
to avoid it. A mild form of impulse excitation might be set up by 
damage which would partially close some of the nozzles in any 
turbine stage. 

Blade vibration also may be excited by external forces. In one 
case, blade failure in a small geared turbogenerator was attributed 
to vibration set up by errors in the gear-tooth spacing. It is also 
possible that errors in the roundness of the journal may cause a 
motion which could set blading in vibration. 

With the exception of impulse excitation, our knowledge of the 
magnitude of exciting forces is quite limited. We do know, how- 
ever, that they are present in sufficient magnitude to cause failure 
of improperly designed blades. The uncertainty concerning the 
exciting forces and, to a considerable extent, the damping forces 
has led some of the large turbine manufacturers to adopt an em- 


pirical approach to the problem. 
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Harmonic Anatysis or Excrtina Forces 


Regardless of what may be the pattern of the exciting forces, it 
will be repeated periodically, usually once for each revolution of 
the turbine. Any periodically varying set of values, such as the 
exciting forces acting on a turbine blade, can be broken up into a 
series of sine and cosine curves. The frequencies of these har- 
monic components will be integral multiples of the frequency of 
the original curve. . 

For example, take the lower curve in Fig. 4, showing the distri- 
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bution of heat drop around the circumference of the wheel. As- 
suming that the steam force, acting on a blade, is proportional to 
the heat drop, a curve of force variation has been plotted in Fig. 5 
(solid curve). Each blade will be subjected to this force variation 
at each revolution. 

By applying a Fourier analysis, the first four harmonics have 
been obtained. These also are shown in Fig. 5 (dotted curves.) 
Their amplitudes and phase angles are given in Table 1. 


TABLE 1 AMPLITUDES AND PHASE ANGLES 


Amplitude, Phase angle, 
Harmonic per cent deg 
1 10.1 +253 
2 4.1 +206 
3 ETT + 24 
4 0.6 + 3 


There was no justification in carrying this analysis beyond the 
fourth harmonic because there were so few points on the original 
curves from which the drop was calculated. It should be ob- 
served how the harmonics decrease in amplitude as their order 
increases. This is generally to be expected but it is not always 


so. 
To illustrate the exciting forces generated by impulse excita- 
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tion, the diagram shown in Fig. 6 has been assumed. Here the 
nozzle arc is assumed to be 90 deg with instantaneous application 
and removal of the load taking place at the ends of the arc. The 
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BLADING 


instantaneous application and removal of the load is a rather 
severe assumption, but it is much less tedious to apply and there- 
fore is more convenient for preliminary design purposes. Analy- 
sis of this diagram gives an infinite series of harmonics with 
every 4th one (4th, 8th, 12th, etc.) equal to zero. The values of 
the first ten harmonics in per cent of the steam loading F, are 
given in Table 2. Even the 30th harmonic has an amplitude of 2 


TABLE 2 VALUES OF FIRST TEN HARMONICS 


No. of 
harmonic Intensity, per cent 

1 45.0 
2 31.8 
3 15.0 
4 0 
D 9.0 
6 10.6 
7 6.4 
8 0 
9 5.0 

10 6.4 


per cent, which is sufficient to set up a vibration of considerable 
magnitude. This gives some indication of why impulse excitation 
can be so destructive. Further troublesome characteristics of 
impulse excitation will be brought out in the next section. 


TUNING or TURBINE BLADES 


Whenever the frequency of one of the various harmonics of the 
exciting force coincides with a natural frequency of the blade, reso- 
nance will occur. As explained earlier, the vibration amplitude 
will be equal to the static deflection produced by the component, 
multiplied by the magnification factor. Assume, for instance, that 
a blade is subjected to a steady steam force of 6 lb plus a certain 
harmonic whose magnitude is 5 per cent. The harmonic force 
will then have an amplitude of 0.3 lb. The static deflection is 
then considered to be the deflection which would be produced by a 
force of 0.3 1b uniformly distributed over the blade. If the mag- 
nification factor is 200, the deflection at resonance would corre- 
spond to that produced by a force of 60 Ib. The resultant vibra- 
tory stress also would be equal to that produced by a 60-lb load, 
and would thus be 10 times the stress produced by the total steam 
load which acts statically on the blade. Such bending stresses 
when superposed on the already high centrifugal stresses may 
cause fatigue failure if the turbine runs for long periods at a reso- 
nant condition. 

As already mentioned, experience with turbines indicates that 
the lower harmonics usually have the largest amplitudes. There 
have been many failures which were caused by the 4th or lower 
harmonics. There also have been some failures at higher- 
order harmonics. It is therefore necessary to avoid resonance 
at the 4th and lower harmonics or, when it cannot be avoided, 
have it occur at a reduced speed where the centrifugal stress 
acting on the blade will be less than at full power. 

A convenient means of visualizing this problem is the Campbell 
diagram, named for the late Wilfred Campbell of the General 
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Electric Company, who did much of the pioneer work on turbine 
vibration. The Campbell diagram is shown in Fig. 7. It consists 
of a series of curves of frequency (usually cycles per minute) 
plotted versus turbine revolutions per minute. On this diagram 
each harmonic is represented by a straight line passing through 
the origin. These lines give the frequencies of the exciting forces 
corresponding to the various harmonics, at all speeds of the 
turbine. The second harmonic will have twice the slope of the 
first, the third harmonic three times, etc. Usually, about eight 
harmonics are drawn. 

After the frequencies of all of the important exciting forces have 
been plotted on the Campbell diagram, the natural frequencies 
of the blading are plotted. When the turbine is not rotating, the 
natural frequency of a blade (or group of blades joined by a shroud 
band), has a particular value which is called the static frequency. 
When the turbine is running, the centrifugal force has a stiffening 
effect on the blade, raising its natural frequency. This is the run- 
ning frequency. These frequencies also can be plotted on the 
Campbell diagram: The curves for two stages, A and B, are 
shown in Fig. 7. The running frequency is fairly close to static 
frequency up to about half speed of the turbine. Above this speed 
the frequency increases appreciably. At maximum speed the in- 
crease in frequency is usually around 15 per cent for the longest 
blades. 
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With the blade frequencies added, the Campbell diagram is com- 
plete. Each point at which the blade-frequency curve crosses one 
of the harmonics, represents a condition of resonance. There are 
thus numerous resonant conditions for each blade. Most of them 
are excited by high-order harmonics and are therefore not seri- 
ous. The lowest order of resonance is the one of which to beware, 
because it occurs at the highest turbine speed and probably will 
have the largest exciting force. 

Turning now to the curve for blade A, in Fig. 7, it can be seen 
that at maximum speed, resonance does not occur, and the blade 
frequency lies halfway between the 8rd and 4th harmonics. If 
the natural frequency of 13,500 is divided by the turbine rpm of 
3850, the result is 3.5. This is usually called 3.5 vibrations per 
revolution. This value is not a coincidence. As originally laid 
out, this blade had 4.1 vibrations per revolution, which was very 
close to a dangerous resonant condition. It was not considered 
practical to stiffen the blade sufficiently to raise it to 4.5 vibra- 
tions per revolution, so, the blade section was reduced in order to 
lower the frequency to 3.5 vibrations per revolution. This process 
is called tuning. It is a fairly lengthy design process involving 
considerable work. 

Referring back to the Campbell diagram, it will be seen that at 
3300 rpm, stage A is in resonance with the 4th harmonic. At this 
condition, however, the steam load on the blade is less than at full 
power (probably down to 70 per cent of the full-power value) and 
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therefore the magnitude of the exciting force is reduced propor- 
tionately. In addition to this, the centrifugal stress in the blade 
is down to 12,200 psi, instead of the 16,600 psi which it had at full 
power. The total steam load on this blade at full power is 6.5 
Ib per blade, producing a steam bending stress of 550 psi. At 
3300 rpm the bending stress may be assumed to be about 390 
psi, (70 per cent of 550). If this steam force contained a 4th har- 
monic with a magnitude of 5 per cent of the steady steam force, 
and the vibration magnification factor were 200, the vibratory 
stress would be 390 X 0.05 < 200 = 3900 psi. 

A comparison of the blade stresses at full speed (3850 rpm) and 
at 3300 rpm, is given in Table 3. 


TABLE3 BLADE STRESSES AT 3850 AND AT 3300 RPM (STAGE A) 


(3) LD ae Gees Gates oh een ne ene ene 3300 3850 
(OB) eiCentrifural stress, Dsis.. sci ccc ccc eens 12200 16600 

(ee Static steam’ stress, psiv. sos... ee ee cas 39 55 

(d) Total steady stress (b + c), psi............ 12590 17150 
(GomeaVabratory stress: psio. code. yokes sot ce se 3900 negligible 
(f) Maximum stress (@ + €);-psi............-% 16490 17150 
(g) Minimum stress (d — e), psi.............. 8690 17150 


Thus it can be seen that although 4th-order resonance has not 
been avoided, it has been located at a speed where less severe 
stresses are encountered. Had 4th-order resonance occurred at 
full speed, the steady stresses would be 17,150 psi, and the 
vibratory stresses 5500 psi, leading to a maximum stress of 22,650 
psi, and a minimum stress of 11,650 psi. 

Stage B has been handled in a similar manner except that it is 
tuned to have the full-power condition fall between the 5th and 
6th harmonics. Unless a blade is very highly stressed, it does not 
appear necessary to tune for harmonics above the 6th. Assuming 
the vibratory stress at resonance in stage B to be 10 times the 
steam bending stress, it will compare with stage A, as in Table 
4, 
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tion for the frequency of a cantilever beam of constant section, 
which shows the effect of several of the factors which determine 
blade frequency. This equation is 


EI EI 
F, = 660 @#— = 4—— 
p Wis 0. 


F, = static frequency, cycles per min (cpm) 
EK = modulus of elasticity, psi 
I = moment of inertia of cross section, in.‘ 
l = length of beam (length of blade), in. 
p = density of material, lb per cu in. 
A = area of cross section, sq in. 
W = weight per in. of beam = pA, lb per in. 


In this equation, # and p may be considered fixed, since the ma- 
terial is usually settled in advance. That leaves the possibility of 
altering A, J, andl. Increasing the value of J, will increase the 
frequency. If a small increase is desired, it can be accomplished 
by thickening the blade slightly. Ifa large increase is needed, the 
necessary thickening would restrict the steam passage too much. 
In this case the entire blade section may be increased, maintaining 
the same geometric proportions. Either process increases the 
area A simultaneously. Moment of inertia, however, increases as 
the 4th power of the linear dimensions, while A increases as the 
2nd. Thus frequency will increase about in proportion to the in- 
crease in lateral dimensions. 

Another method of changing frequency is to change J. Since 
frequency varies as /?, this method is effective. It is usually an 
increase in frequency which is desired and, in this case, / would be 
decreased. This, however, may be a costly process because it will 
lower the efficiency of the stage. Therefore height decreases are 
used rather sparingly. 


TABLE 4 COMPARISON OF STRESSES IN STAGES A AND B 


Resonant Centrifugal Steam bending Total steady Vibratory 

Stage rpm Harmonic stress, psi stress, psi stress, psi stress, psi 
A 3300 4 12200 390 12590 3900 
B 3550 6 12500 510 13010 5100 


Although the stress in stage B is higher than that in stage A, 
when calculated by this arbitrary method, it should be remem- 
bered that the exciting force of the 6th harmonic will be much less 
than the 4th, and the factor of 10 is therefore rather severe. 

It is in connection with tuning that one of the most objectiona- 
ble features of impulse excitation becomes apparent. First-stage 
blades, which are subjected to impulse excitation, have high natu- 
ral frequencies which ordinarily would put them well out of reach 
of vibration trouble. Their frequencies may be 25 or more vibra- 
tions per revolution. It was, however, mentioned in the pre- 
ceding section, that even the 30th harmonic of impulse excitation 
may have an exciting force of 2 per cent. Thus these blades 
will be subjected to sizable exciting forces. Even assuming that 
it were possible to tune a blade accurately enough to obtain 24.5 
vibrations per revolution, it would be in resonance at 25 vibra- 
tions per revolution when the speed dropped 2 per cent. This 
change is no more than that which would be encountered in going 
from light draft to load draft, or from clean bottom to foul bot- 
tom. It is thus impossible to avoid resonance at, or very close to, 
maximum speed. Therefore the blades must be designed to with- 
stand such conditions. This can be done by keeping low bending 
stress and using materials which have good damping properties at 
the operating temperatures. Thirteen per cent chromium stain- 
less steel has relatively good damping properties. 

In the process of tuning, there are several ways of changing the 
frequency, and usually two or more of them are used together. 
In discussing the methods it would be well to consider the equa- 


The third method of altering frequency is to taper the blade, or 
alter the taper on one which already has it. Tapering a blade not 
only increases the blade frequency, but it is most effective in re- 
ducing centrifugal stress. If the stage A in Fig. 7 were made 
with constant cross section (using the base section), its static 
frequency would be about 13 per cent lower, and the centrifugal 
stress 70 per cent higher. Tapered blades are also ‘twisted’ 
frequently. This is done to suit the angle of the incoming steam. 

Shroud bands and lacing wires affect the frequency. Shroud 
bands do not necessarily raise the frequency. They do stiffen the 
blades, but the added mass sometimes counteracts the added 
stiffness. In some cases, however, shroud-band alterations can 
be used as an aid in tuning. Lacing wires increase the frequency, 
particularly when there are two rows of them. Altering their size 
will alter the frequency. 

Application of any of these methods of tuning usually is 
limited by the action of some other factor such as loss of thermo- 
dynamic efficiency, increase in stress, or difficulty of manufac- 
ture. It is for this reason that several methods may be applied 
simultaneously to obtain the desired result. 

The subject of tuning cannot be dismissed without some men- 
tion of the calculating methods which must be applied with every 
change. Only the briefest discussion of them can be given in this 
paper because a detailed treatment would result in the writing of 
a textbook. 

The calculation of a tapered twisted blade is a tedious process. 
It is necessary first to calculate maximum and minimum moments 
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of inertia and weight per inch of blade at several sections (usually 
at least three sections are taken and a curve is drawn through the 
three points thus obtained). For the actual frequency calcula- 
tion, the Rayleigh method is frequently used. In this method, the 
potential and kinetic energy must be calculated for a given as- 
sumed deflection curve. Ordinarily, the static-deflection curve, 
obtained by loading the blade with its own weight, is taken as the 
assumed curve. In this case, the calculation is represented by the 
equation 


where 
w = weight per unit length of blade 
y = ordinate of deflection curve 
dl = differential length 


If the assumed curve is reasonably close to the shape of the ac- 
tual vibration curve, a good approximation is obtained. In using 
the static-deflection curve, the error seldom exceeds 2 per cent. 
If greater accuracy is required, it is necessary to make a second 
approximation, based upon the first calculation. 

Twisted blades present a problem because the axes of the 
cross sections do not lie in one plane. This requires using two 
reference planes at right angles and working with co-ordinates. 
An expedient which has been used to avoid this, is to work two 
approximate calculations. In the first, the minimum moments of 
inertia for all sections are rotated into a single plane and the fre- 
quency calculated. This gives a frequency which is too low. The 
other calculation uses the moment of inertia, of each section, 
about an axis parallel to the minimum axis of the base section. 
This gives a frequency which is too high. By interpolating be- 
tween these two frequencies and using factors obtained from 
tests, it is possible to obtain frequencies which are close enough 
for preliminary design work. 

Final blade-frequency calculations involve the effect of the 
shroud band or lacing wires. In this case the structure is inde- 
terminate and requires the application of strain-energy methods. 

Finally, it is necessary to calculate the effect of centrifugal 


force. For blades of constant cross section, Campbell used the 
formula 
F, = VF? + BN? 
R 
16? 23 KD SK ca + 1.17 
where 


F, = static frequency 


F, = running frequency 

l = blade length 

R = radius to base of blade 
N = rpm of turbine 


This formula may also be used for preliminary calculations on 
tapered blades. For final calculations, it is necessary to calculate 
the radial shortening caused by the lateral bending of the blade, 
and then calculate the potential energy which is stored up by pro- 
ducing this radial shortening against the action of centrifugal 
forces. The effect of centrifugal force on the vibration of a 
turbine blade is analogous in some ways, to the effect of gravity 
on the frequency of a pendulum. 


BuiapDE TESTING 


Consideration of the Campbell diagram shows that an error of a 
few per cent in the calculation of blade frequency could lead to 
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disaster. Therefore it is natural that testing should be an im- 
portant phase of blade design. In this way the various factors 
affecting frequency can be determined, and empirical design co- 
efficients chosen. For this purpose a vibrator can be used to de- 
termine the natural frequencies of blading. The vibrator, illus- 
trated in Fig. 8, was built from a loud-speaker. The cone was 
sawed off and a small threaded nut cemented to the moving ele- 


Fic. 8 ViBRATOR FOR D»5TERMINING NATURAL FREQUENCIES OF 
TURBINE BLADES 


ment. One end of a small aluminum rod (?/32 in. diam) is serewed 
into this nut, and the other end is attached to the blade by means 
of a spring clip. The permanent-magnet field of the speaker has 
been replaced by an electromagnet of considerably greater field 
strength. By supplying an alternating current to the coil of the 
speaker, a corresponding alternating force of about 0.5 lb peak 
value can be obtained. A Hewlett-Packard 200-B, 1-watt oscil- 
lator is used for this purpose, and it supplies sufficient power to 
vibrate most turbine blades. The oscillator frequency is varied 
until resonance occurs, and the frequency can be read on the 
oscillator dial. By using a micrometer drive for the dial and 
calibrating with a cathode-ray oscillograph, very high precision 
can be obtained when needed. 

Single blades to be tested are clamped to a heavy metal slab, 
usually using filler blocks which cover the root and packing piece. 
When testing an entire group of blades, complete with shroud 
band, the blades are mounted in a grooved block which simulates 
a section of the turbine rotor. Such a group can be seen in Fig. 
8. 

Another type of testing which is necessary in blade designing is 
the combined tensile and fatigue test. In this test a tensile load is 
applied to the blade to simulate centrifugal force. At the same 
time, vibratory stresses are simulated by the application of a 
lateral alternating force. A machine for making such tests -is 
shown in Fig. 9. A beam, weight-loaded at the end, applies the 
tensile load (up to 21,000 lb). A connecting rod, attached to an 
adjustable eccentric, applies a bending deflection to the blade. 
The eccentric is driven by a motor with a speed range of 1000 to 
2200 rpm. The bending stress in the blade is checked by means 
of bonded resistance-wire (SR-4) strain gages. This machine is 
used to determine the fatigue strength of blading, and also for 


comparative tests of modifications to blade roots. It was used in 
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MILLIONS OF STRESS CYCLES REQUIRED FOR FAILURE 


Fic. 10 Faticur Test or 2-In. TurBINE BLADE 


arriving at the size of fillet to be used in the roots of the stages, 
A and B, which were shown in Fig. 7. 

In making combined tensile and fatigue tests, a certain tensile 
load is applied, and then a series of tests are run at different bending 
stresses. Hach test is continued until the specimen either breaks 
or withstands 10,000,000 stress cycles. A curve of bending stress 
versus number of cycles is then plotted. Such a curve is shown in 
Fig. 10. It will be noticed that the curve falls rapidly at first and 
then levels off. At 10,000,000 cycles the curve is practically flat. 
With ferrous materials, it is assumed that a specimen which with- 
stands 10,000,000 stress cycles will last indefinitely. In this 
paper the ordinate of the curve at 10,000,000 cycles will be called 
the endurance limit. This term must be used with caution be- 
cause endurance limit is usually used to indicate the fatigue 
strength of the material subjected to alternating stress only. In 
this case there is a combination of steady stress and alternating 
stress. A separate endurance limit can be obtained for each value 
of steady stress. 

The several values of endurance limit may be plotted on a 
curve such as that shown in Fig. 11. Here, endurance limit is 
plotted as the ordinate and steady stress as the abscissa. In the 
plot shown in Fig. 11 there are only two points. The tests were 
all run with 30,600 psi steady stress, which gave one of the points. 
The other point is the steady stress corresponding to zero alter- 
nating stress. This is simply the tensile strength of the material. 
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Fig. 11 Fatieur-StrenctH DracGrRaM FoR 2-In. TurBINE BLADE 


These have been joined by a straight line. Published literature on 
the subject indicates that this is a reasonable assumption to use 
when intermediate points are lacking. The resulting curve shows 
the strength of a particular blade for any combination of steady 
and vibratory stress. However, the curve should be representa- 
tive of other blades of similar design. 


Factor OF SAFETY 


In most stress problems it is desirable to calculate a factor of 
safety. In turbine-blade vibration there is much that is not 
known and that is why designers prefer statistical methods aided 
by comparative stress and vibration calculations. The magni- 
tudes of both exciting and damping forces are in considerable 
doubt. One manufacturer multiplies the steady steam bending 
stress by 10, adds it to the centrifugal stress at full power and con- 
siders that the working stress for the blade. This appears to be a 
reasonably rational approach when it is considered that it is 
equivalent to a harmonic exciting component of 5 per cent of the 
steady steam force, and an amplification factor of 180. The 5 per 
cent factor appears quite conservative in the light of the few 
measurements of variations in steam force which are available 
(except in the case of impulse excitation). In fact, it is difficult 
to see how this figure could be approached in a carefully designed 
turbine, unless there were some damage to blading or nozzles. 

The amplification of 180 also appears reasonable for 13 per cent 
chromium stainless-iron blading in a low-pressure turbine. The 
5 per cent exciting force and amplification of 200 which have been 
assumed several times in this paper are very nearly identical with 
it. What this method does appear to need is an additional factor 
whereby the decreasing intensity of higher harmonics could be 
considered. 

Returning now to Fig. 11, we can plot the stresses for stage A 
from Table 3 of a previous section. The bending stress required 
for failure at the given static stress of 12,590 psi, is 44,000 psi, 
giving a factor of safety of 44,000 + 3900 = 11.3. At first glance 
this might seem to be an excessively high factor of safety. It is 
conservative, but turbine blades are subject to corrosion fatigue. 
Metals subjected to alternating stresses in an atmosphere of 
steam or water, have much lower endurance limits than in air. 
Because of this it would be reasonable to divide the foregoing 
factor of safety by 2, thus obtaining 5.6. 

Four failures have been plotted in Fig. 11. 
had the characteristics given in Table 5. 

In each case the bending stresses have been multiplied by 10 
before plotting in Fig. 11. Blades X and Y-1 both failed after 
several years of service. Both were in the last row of the high- 
pressure turbine, where they were subjected to relatively large 
variations in heat drop around the periphery. Since both had ap- 
proximately 12 vibrations per revolution, they would not ordi- 


The blades involved 
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TABLE 5 CHARACTERISTICS OF BLADES WHICH FAILED 
Steam Total 
Cent. bending static — Vibrations J 

Manufacturer Turbine stress, psi stress, psi stress, DSi per rev Failure 
xX HEP 6410 3610 10020 11.9 Blade 
Y (case 1) HP 5000 3390 8390 12.5 Blade 
Y (case 2) LP 19800 1590 21390 4.0 Shroud 
Z LP 11200 700 11900 4.2 Root 


narily be expected to give trouble. The bending stresses were, 
however, so high that even with the small excitation obtained 
from the 12th harmonic they succumbed to corrosion fatigue. In 
considering these stresses, it must be remembered that the factor 
of 10 is excessive for the high-order vibration. The remedy for 
such blade trouble is to lower the bending stress by using a heavier 
blade section. 

With blade Y-2, 4th-order resonance was encountered at full 
power. The blade itself did not fail but the vibration was suffi- 
ciently severe to crack the shroud band. Broken shroud bands 
are liable to jam and tear up the blading. In the case of blade Z, 
failure was attributed to axial vibration of the wheel. However, 
exact diagnosis of blade failure is usually difficult, and the prox- 


imity to 4th-order resonance appears suspicious. 

In connection with design, it should be emphasized that great 
care must be exercised in proportioning all fillets on turbine blad- 
ing. A sharp re-entrant corner at the base of the blade, or in the 
root can be the starting point for a fatigue crack which will cause 
the failure of an otherwise successful blade. 


CoNCLUSION 


From the foregoing illustrations and discussion, it can be seen 
that the design of blading to resist vibration is far from an exact 
science. In spite of this, high efficiencies are being obtained, 
while blade failures from fatigue have been reduced to a point 
where they are considerably less than failures from other causes. 
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Theory of the Mechanical Properties 
of Hot Plastics 


By S. J. LORING,! EASTON, CONN. 


This paper describes a theory of large strain, rubber- 
like elasticity combined with stress relaxation, which is 
the character of the behavior of hot plastics indicated by 
a series of unpublished high extension rate tests on such 
materials as polystyrene, polyethylene, acetate, etc., in 
the molten or “soft” state. 


NOMENCLATURE 


a;; = natural strain components 
A;; = auxiliary strain quantities defined in terms of a,;; 
C = pressure gradient in channel or tube flow 
D = “diffusion coefficient’? representing effect of ther- 
mal agitation of molecules on their phase-space 


co-ordinates 
f = representative molecular force 
f(zi) = designation for arbitrary function in channel- and 
tube-flow analysis 
fu; fee = functions representing stresses due only to elastic 
strain in channel and tube flows 
Fx = function representing stress due only to elastic 


strain in tube flows 
F,, F:, F; = forces on sides of parallelepiped of material 
G = modulus of rigidity entering specific strain-energy 


functions 
h = semiheight of channel or radius of tube 
H, H’ = auxiliary parameters in analysis of channel and 
tube flows 


= “dummy” indexes ranging over values 1, 2, 3 

K = constant of proportionality between representa- 
tive molecular force f and length r 

l;; = direction cosines relating directions of a, 22, 2s 

and Yi, Y2, Y3 aXes 


Ty, Ix, Lz = fixed reference lengths 
m;; = direction cosines relating directions of a, 22, 23 
and 21, 22, 23 aXeS 
M,; = auxiliary strain quantities defined in terms of a,; 
and m,; 
nm = exponent in specific relaxation and strain-energy 
functions 
N = number of molecules per unit volume 
p = hydrostatic tension independent of elastic strain 


in incompressible materials 

po = constant hydrostatic tension in channel or tube- 
flow analysis 

q = volume rate of flow per unit width in channel 

Q = volume rate of flow in tube 

r = representative length of chain molecule 

ro = reference value of r 


R,, Re, Rs = functions describing relaxation process 
s = shearing rate in simple shear 
SS = dimensionless measure of shearing rate s 
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t = time 
7 = “Telaxation time” entering specific relaxation 
functions 
vo = constant of integration in flow-velocity integrals 
for channel or tube 
M%4, V2, v3 = flow-velocity components in 2, 22, x3 directions 
v, = “drift”? velocity of phase-space co-ordinates of a 


molecule due to molecular force 
W = work done on unit volume of material by external 
forces 
L1, 2, #3 = fixed direction Cartesian co-ordinates; in dealing 
with strain a single prime (’) denotes position of 
. point in unstrained condition, and double prime 
(”) in strained condition 


X, X’ = auxiliary parameters in analysis of channel or tube 
flows 
x,y, 2 = Cartesian co-ordinates in phase space 
Y1, Y2, y3 = Cartesian co-ordinates with same origin as 2%, 22, 


23, but directed along lines in unstrained condi- 
tion which become principal axes in strained 
condition. Single and double primes (’), (”) 
have same significance as for 21, X2, 3 

21, 22, 23 = Cartesian co-ordinates with same origin as 21, %2, 
x3, but directed along lines of principal strain in 
strained condition. Single and double primes 
(’), (”) have same significance as for 2, 22, 23 


a1, 2, a3 = principal extension-strain ratios—referring to 
elastic strain in Sections 3, 4, and 5 
n = viscosity coefficient for Newtonian liquid 
1, = apparent viscosity for flow in channel 
Ns = apparent viscosity for simple shear flow 
nm. = apparent viscosity for flow in tube 
6 = angle between principal strain axis 2, and axis 
2, in two-dimensional strain 
6; = angle between unrotated principal axis y;, and 


axis 2 in two-dimensional strain 
Mi, Az, Aj = parameters in linear relations between M;; and 
Mm; 


“ = assumed constant of proportionality between », 
and molecular force f 
p = distribution function in phase space 
po = equilibrium distribution function 
o1, 02, 63 = principal stresses 
o1, 02 = tension stresses on 21, 22 co-ordinate plane 

7+ = shear stress on x, v7, co-ordinate planes 

&, &’ = auxiliary functions for channel flow 
y = strain-energy function 


1 INTRODUCTION 


The mechanical stress-flow properties of hot plastics are of 
considerable practical importance in the study of various plastic- 
manufacturing processes, such as extruding, molding, injection 
molding, etc. The results of a series of tension tests on several 
hot plastic materials, which are reported by the author,? indi- 


2‘Report on Tensile Tests on Hot Plastics at High Extension 
Rates”; report prepared for Plax Corporation by S. J. Loring, Decem- 
ber, 1948. 
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cate that the flow properties of these materials result from a 
rubberlike large deflection elasticity combined with a stress re- 
laxation property. 

The elastic and relaxation properties combine to produce flow 
characteristics which are in many ways similar to those of the 
classical Maxwell liquid. The classical Maxwell liquid theory, 
however, implies that the elastic strains are of infinitesimal, or 
at least very small magnitude as is also assumed in the classical 
theory of elasticity. In contrast, the subject materials exhibit 
very large elastic strains, with extension ratios of the order of 2 
or even 10, and these large elastic strains have profound effects 
upon the behavior of the materials as compared to the classical 
Maxwell liquid. 

The important novel effects introduced by large elastic strain 
as opposed to small strain originate from two principal sources. 
One source of novel effects lies in the geometrical properties of 
large strain itself, which are considerably more complex than those 
of small or infinitesimal strain. The other source of new com- 
plexities is the fact that both the elastic and relaxation rates are 
affected by the changes in internal structural arrangement of the 
materials which must accompany large strain; these rates no 
longer can be considered linear as in classical theories. 

A theory of the mechanical behavior of materials exhibiting 
large-strain elasticity and stress relaxation is.developed in the 
present paper, in which consideration is given both to the geo- 
metrical properties of large strain and to the nonlinearity of elas- 
ticity and relaxation which accompany large strain. 

The theory is based upon the mathematical treatment of large 
strain presented in Section 2. This treatment differs from most 
other treatments of large strain in that it is developed from the 
specification of the state of strain at the individual points of a 
body rather than a general specification of the state of distortion 
of the body as a whole. The strain at the individual points is 
then related differentially to the distortion of the body as a whole 
by specifying its time rate of change in terms of flow velocities. 
This point of view appears simpler than the usual one because the 
current strain condition can be followed during the course of a 
deformation without the complexities and ambiguities that arise 
in relating the positions of points in the body directly to their 
original or unstrained positions. The viewpoint is, in addition, 
particularly well adapted to the treatment of the relaxation proc- 
ess in flows, which leads to real ambiguities with the older 
method. 

In Section 3 the mathematical specification of general elastic 
and relaxation properties is developed from a phenomenological 
and macroscopic point of view. It is pointed out at the end of 
that section that numerical implementation of this specification 
requires data relating to the internal structure of the materials. 

A simple molecular representation of internal structure is set 
up in Section 4, and analyzed by the methods of statistical me- 
chanics to illustrate the structural significance of the phenom- 
enological concepts introduced to describe the macroscopic me- 
chanical behavior. This analysis leads to definite mathematical 
functions which describe the elasticity and relaxation of the sim- 
plified representation, and which may be used as starting points 
for interpretation of test data on actual materials. 

General solutions for the steady-state flows in channels and 
tubes are developed in Section 5, and their numerical application 
is illustrated by carrying out numerical computations with strain- 
energy and relaxation functions which are in accord with the 
tensile test data of the author.2- Comparison is made with some 
test data on flows through channels and tubes, and the agree- 
ment with the theory is encouraging. 


® See, for example, footnote,’ and discussion just prior to that 
reference, 
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Regarding extensions in the applications of this theory, it is 
interesting to note that the principal novel concepts in large elas- 
tic strain are very similar to those described by Bailey‘ as orien- 
tation in cold plastics. It appears that the understanding of 
the mechanical properties of hot plastics may be extended and 
lead to understanding of the more complex properties of cold 
plastics. ° 

In any event, it is hoped that the theory in its present form 
will serve as a basis for interpretation of observations on the 
mechanical behavior of hot plastics, and when fully implemented 
by such observations, will serve as a basis for rational and quan- 
titative treatment of some of the flow problems involved in the 
manufacture of plastic articles. 


2 GEOMETRY OF LARGE STRAINS 


(a) The Notion of Strain. Since the properties of large strain 
differ in a number of ways from those of the small strain of classi- 
cal theory, some of the commonly accepted attributes of small 
strain must be discarded in treating large strain. For this reason 
the developments of this section are introduced by an account 
of the general notion of strain of unrestricted magnitude. This 
account is directed to the viewpoint to be adopted in the follow- 
ing treatment of large strain. 

A complete and detailed description of circumstances in which 
the relative positions of the points of a body change requires the 
notion of strain. Consideration of those circumstances will 
serve to bring out the basic concepts involved in the notion of 
strain. 

Note first that change in the relative positions of the points of 
a body implies a comparison of two states of deformation of the 
body. Therefore two distinct configurations of the points of a 
body must be involved in the notion of strain; specifically, the 
comparison of the two configurations is involved. 

Changes in relative position of distant points of the body re- 
sult from vectorial addition of the changes of relative position of 
a number of closer intermediate points, and they are, therefore, 
implied by the latter changes. The closer the points of the body 
that are individually identified the more complete the description 
of the relative state of distortion in the two configurations. 

In the limit, a complete description of a distortion of a body can 
consist of a catalog of the relative position changes of all its 
pairs of points which lie an infinitesimal distance apart. Such 
a catalog may be conceived as being composed of sections each 
of which is devoted to a particular point and contains the in- 
formation for all pairs of points separated by an infinitesimal dis- 
tance and of which the particular point is a member. Multiple 
listings required for this arrangement of the catalog will, of 
course, not affect its completeness, which is all that matters for 
the present purposes. 

The information contained in that section of the catalog de- 
scribed in the preceding paragraph which is devoted to a particular 
point is just the information which is contained in a specification 
of the state of strain at the point. The mechanics of this 
specification, and its properties, form the subject matter of the 
present treatment. 

Most classical treatments of strain are restricted to the case 


of “small” strains, in which case the changes in the distances be-: 


tween pairs of neighboring points are very small compared to 
these distances themselves. This restriction is inappropriate 
for the present purposes and is completely abandoned. In the 
treatment which follows no assumption is made as to the magni- 
tude of the changes which take place in the distances between 


4“Stretch Orientation of Styrene and Its Interesting Results,” 
by James Bailey, India Rubber World, vol. 118, May, 1948, pp. 225— 
231, 
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neighboring points, except that they are continuous from point 
to point and remain finite. 

(b) Specification of Strain at a Point. In order to specify the 
strain at a point in a body, a set of Cartesian co-ordinates 21, 22, 
x; is set up with the origin at the point in question. The direc- 
tions of these axes remain fixed, but the origin stays on the point 
of the body and moves with it during a deformation. 

Let the x, x2, x3-co-ordinates of any neighboring point be des- 
ignated by a1’, x2’, x3’ ‘before the deformation,” and let them be 
designated by 2:", x2", x3” “after the deformation.”’ Specifica- 
tion of the strain at the point consists of a general expression for 
x1", £2", x3” in terms of 2,', x2’, x3’ in which, however, these co- 
ordinates are limited to infinitesimal values. 

Any relationship between 2", 22”, x3" and 2’, x2’, x3’ can be 
expressed as power series in 2’, %2’, 23’. The constant term in the 
series for each of 2,", 22”, x3” is zero since, by definition, the refer- 
ence axes move with the reference point in the body, that is, 
%1' = x2’ = x;' = 0 always implies that x,” = 2)” = x3” = 0. 
Furthermore, since 21’, 22’, x3’ are limited to infinitesimal values, 
powers above the first may be neglected in the series. Accord- 
ingly, the most general expression for strain at a point is 


Xi” = ayatr’ + aire’ + aisrs’ 
to” => Qo 21’ o An2%o" + Qost3! ats fore ye"tehty be Peds {1] 
3" = Ager’ + Agere’ + As3v3’ 
The strain is specified by the nine quantities au... a3; which 
will be called the natural strain components. Though they are in 


a different form, the natural strain components are equivalent 
to the strain components usually employed in the classical theory 
of elasticity. However, as remarked before, in this work no 
assumption is made as to the magnitudes of the strain compo- 
nents except that they remain finite. 

In the exposition which follows a number of equations will be 
encountered which, like Equations [1], have groups of similar 
terms in which only the indexes change. It will be convenient to 
shorten the writing out of these equations by use of the standard 
summation symbol %, and the letter indexes 7, 7, k, which range 
over the values 1, 2, and 3. The index to which the summation 
refers will be indicated by placing this index under the summa- 
tion sign, and the ranges of other indexes will be indicated in 
parentheses after each expression. Thus Equations [1] can be 
written 


fa 2 a,;2;', (Coreie— ile 63) write | LG) 
j 


(c) Resolution of Strain Into Three Principal Strains and a 
Rotation. For treatment of the generalized types of elasticity 
and relaxation to be discussed in the sequel it is convenient to 
reduce the specification of a strain to a standard and uniquely 
simple form rather than to use the natural strain components of 
Equations [1]. 

It will be shown that any strain specified by Equations [1] is 
equivalent to, and can be resolved into three simple extensions 
along three suitably directed mutually perpendicular axes, plus a 
rigid-body rotation. The three simple extensions of this resolu- 
tion are called the principal strains. Thus, according to this 
resolution, there are only three really independent components of 
strain proper; in addition to these three principal strains, the 
natural strain components a,; also specify the orientation of the 
principal axes of strain and a rigid-body rotation. The resolution 
into principal strains will isolate these three aspects of a general 
strain given by Equations [1]. 

To effect this resolution introduce two additional sets of Car- 
tesian co-ordinates with origins also staying on the point of the 
body which is the origin of the 21, 22, %3 axes. These new co- 
ordinates are designated 1, y2, yz and 1, 22, 23; their axes differ 
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from 2, 22, 3 only in orientation, and expressions relating the 
co-ordinates themselves to x, x2, x; are 


Op os 2 1,,;2;, (for 7 = i 2, 3) Meare A ae PA 
“i 
and 
Ci D tig), (lov 123). oo ee. [3] 
J 


In these relations 1;; and m,; (for 7, 7 = 1, 2, 3) are, respectively, 
sets of direction cosines relating two sets of orthogonal axes. 
They each satisfy the well-known identities for such direction 
cosines which express the orthogonality of the two sets of axes. 
These identities are used in subsequent derivations and will be 
written here for the m,; for reference purposes 


De antg See, FORA tL HOES) St reelan sce ae [4] 
j 


2 m;m,; = 0, (fori # k, andi, k = 1, 2, 3)....... [5] 
j 


It may be noted that Equations [5] comprise only three equa- 
tions since for these equations 7 is specified to be not equal to k, 


and interchange of 7 and k does not change the terms of the sum- 


mation. The terms that would result from 7 = k in Equation 
[5] are the terms of Equations [4]. From the identities, Equa- 
tions [4] and [5], the following similar identities can be derived 


2g 1, (for y= Ae 2, 8) eae [4a] 
7 
2X mm, = 0, (for j # k, andj, k = 1, 2, 3).....[5a] 
4 


Observations can be made concerning the identities, Equations 
[4a] and [5a], which are entirely similar to those already made 
concerning Equations [4] and [5]. 

Similar identities hold, of course, for the /;;. 

In a fashion similar to that already specified for x1, x2, v3, the 
single prime (’) is used to designate the y- and z-co-ordinates of 
points in the body before deformation, and the double prime (”) 
after deformation. 

For each given strain, the orientation of the y- and z-axes, that 
is, 1;; and m,;, are set as follows: The a, 22, 23; co-ordinate axes are 
directed along the three principal strain axes in the deformed 
body. The points of the body in the neighborhood of the refer- 
ence point which lie on these principal strain axes after deforma- 
tion will have Jain along three mutually perpendicular straight 
lines before the deformation took place; these lines, however, 
generally have different directions than the principal strain axes 
in the deformed state, because of the rigid-body rotation com- 
ponent of the strain. The y:, y2, ys axes are directed along the 
three mutually perpendicular lines thus defined. It is seen then 
that the orientation of the z-axes, i.e., the m,;, locates the prin- 
cipal axes of strain in the deformed body; and also that the dif- 
ference in orientation between the z-axes and the y-axes, i.e., the 
m,; and the 1,;;, determine the rigid-body rotation part of the 
strain. 

Let the three principal extension “strain ratios’ be desig- 
nated by a1, az, and a3. The strain expressed by Equations [1] 
is, then, asserted to be equivalent to a strain specified by 


Ul 
a” = ay 
en 11 ult eee ding Sana. Haak eile [6] 
iat = ays! 


or 


2,1 <= wcutfele. (ROD by sel MB oaskeninaritt soynrol OO) 


The problem at hand is to show that a strain given by Equations 
[6] can be made to coincide with any given by Equations [1], by 
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suitable choices of the principal strain ratios a; and of the direc- 
tion cosines m;; and /;;; and further to determine the a;, m;;, and 
l;; in terms of the natural strain components a;; of Equations 
{1]. The balance of this subsection is devoted to this problem. 

Use the relations of Equations [2] and [3] to express Equations 
(6] in terms of the a, 2, v3 co-ordinates; thus 


Dm, jx;" = a; D1,;2;', for? = 1, 2, By hte miersiatend (7] 
Bi j 


Now, solve these three equations for x1", x2”, x3”, respectively, by 
multiplying the respective equations first by mi and adding, then 
by mi: and adding, and finally by mis and adding. This process 
solves the equations for 21", 22”, 23” by virtue of the identities, 
Equation [4a] and [5a]. The coefficients of the x,’ in the re- 
sulting equations solved for the 2,”, by comparison with 
Equations [1], are seen to be equal to the natural strain com- 
ponentsa,;;. Thus 


ai; ae z ply Mass (for Oh q = i 2, 3) innelaieMelle) 115) > [8] 
k 


There is a total of nine separate equations in Equations [8], one 
for each of the nine a;;. 

In order to obtain explicit equations for the direction cosines 
m;;, Start by forming the following nine equations from Equations 
[8], with the help of the identities, Equations [4] and [5] 


z Ay; xj as anly ss (for k, q =} il, 2, 3) eae sual viele (9] 
v 


In these equations the m,; occur only in the left-hand sides, while 
the 1;; occur only on the right. Now, with the help of the identi- 
ties of the type of Equations [5] in the direction cosines 1;;, the 
three combinations 


aa, Deh; = 0, (fort # k; 4, b = 1, 2, 3)..... [10] 
#) 


of the right-hand sides of Equations [9] may be formed which 
are identically zero. There are only three distinct relations, 
Equations [10] since 7 + k, and interchange of 7 and k does not 
change the relation. The corresponding left-hand sides of the 
combinations, Equations [10], of [9], which are equal to zero by 
Equations [10], comprise three equations in the m,;. These 
three equations in combination with the identities, Equations [4] 
and [5], serve to determine the values of all the m,;. 

The three equations in the m,; are most conveniently written 
with the help of the following auxiliary notation: Let 


Ay = Ay = 2 ana (forty P= Ly 2B). [11] 
and further, let 
M = D Agana (lor 4h ail 283) Paes [12] 
k 


Note that, if a;; are considered known, the A;; are known con- 
stants, while the M,; are “‘linear combinations” of the m,; with 
these constants as coefficients. With this notation, the three 
equations in the m,;; may be written as follows 


Z m;;M,; = 0, (ford # k; i,k = 1,2, 3)...... 
J 


There are only three equations implied by Equations [13] since 7 
is specified to be not equal to k, and the notation of Equations 
[11] and [12] implies that interchange of 7 and k does not alter 
the expanded or intrinsic form of Equations [13]. 

Comparison of Equations [13] with the identities, Equations 
[5], shows directly that the m,; and their linear combinations 
M; must be connected by the relations 


M;; = AM; (for 1, J ry i 2, 3) 
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where ; (¢ = 1, 2, 3) are constants which will be determined. 

If the three of Equations [14] with any specific index 7 are sub- 
stituted into the three of Equations [12] with the same index 
i, the following three linear homogeneous equations in mi, mis, 
m3 are obtained 


Cn AM ae Aami + Azmi = 0 


Ayman + (Ax aie! Ai M2 ae Agmiz = 0 
Aygmir + Aggmig + (Az3 — \i)mis = O 


. [15] 


Furthermore, if these equations are to have solutions for the three 
unknowns mi, mi2, mis which are not all zero—which must be the 
case because of Equations [4]—then the determinant of the co- 
efficients must vanish. Thus 


(Aun oa ri) Ao Ai 
Aig (Ax — ds) Ax: =O are {16] 
Ais Ags (Ag3 — Ax) 


The numerical values of mi, mi2, miz can be obtained for any root 
d; satisfying Equations [16] by use of any two of Equations [15] 
and condition, Equation [4]. The expanded form of Equations 
[16] is a cubic equation which has three roots \1, Az, As. These 
three roots give the values of mi, mi2, mis for 7 = 1, 2, 3, respec- 
tively. Therefore all the m,; are determined. 

The determination of the J;; can be carried out in an entirely 
similar manner starting with. the relations 


z a,j); = am, for 7, k = 1, 2,3)........ 
j 


In a fashion entirely similar to that for Equations [9], these rela- 
tions are obtained from Equations [8], with the help of the iden- 
tities, Equations [4a], [5a]. The determination of the /;; will not 
be carried out, since the formulas will not be required in the se- 
quel. 

Having shown how to determine the numerical values of the di- 
rection cosines m;; and 1;;, these values may be considered as 
known. The values of the principal strain ratios a; can be de- 
termined from Equations [9] by forming the three combinations 


a; 2; 1, ;? SFOs (for k — Le 2, 3) airs roa ael wei’ rte te [18] 
F 
of the right-hand sides. The resulting formulas for «; are 
(sy Z mM bsQjny (for 7 = 1s 2, 3) 5 Osticuece Gate oi [19] 
Ik 


Here the summation includes a term for each possible combina- 
tion of j and k for j, k = 1, 2,3. The summation has therefore 
nine terms, one for each of the a;,. 

The resolution of any strain given by Equations [1] into three 
principal strains in appropriate orthogonal directions and a rigid- 
body rotation has been effected. The local state of distortion 
of the material of a body near a point is completely specified by 
the a; and the m;;._ The only role played by the direction cosines 
l;; in specifying the strain is in defining the rigid-body rotation in 
conjunction with the m,;. The rigid-body rotation does not con- 
tribute to the local distortion of the material at all, and it will be 
seen that for a number of purposes, the 1;; are extraneous, that is, 
they do not enter a problem at all. In fact, problems of this 
type would not have unique solutions in terms of the natural 
strain components a;;, since the latter contain the extraneous 
rigid-body rotation. 

Problems involving relaxation phenomena are often of this 
type, since the effect of relaxation on the rigid-body rotational 
component of the strains is in a sense indeterminate, that is, it 
depends upon the boundary conditions under which a partially 
relaxed body is allowed to become elastically restored to zero 
strain. These boundary conditions are unspecified and really ex- 
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traneous in problems in which the body is never allowed actually 
to restore itself to zero strain, for example, in a case of steady- 
state flow. 

The general validity of this resolution is therefore of con- 
siderable theoretical significance in treating problems of flow in 
materials exhibiting relaxation properties. This is the main rea- 
son for treating the resolution in the completely general manner 
of the subsection, i.e., in terms of completely general three-dimen- 
sional strain. In the present work actual numerical use of the 
resolution is made in less general special cases. 

(d) Rate of Change of Strain Components Due to Flow. The 
treatment of problems of flow is facilitated by relating the strains 
at the points of the body to the distortion of the body as a whole 
through differential relations for the rate of change of the strain 
components due to flow velocities. Some of these relations 


will be derived in their general three-dimensional form both in~ 


terms of the natural strain components and in terms of the prin- 
cipal strain eomponents. 

The unstrained co-ordinates 2;’, x2’, x3’ of a point will not 
change as a direct result of a flow process;> therefore in the 
present derivations these co-ordinates are considered independent 


of time. Differentiation of Equations [1] with respect to time 
gives the relations 
oz,” da;; ’ 3 
a Ll Baad (Casey idl OSA ee edie 20 
Bt — at Fae , 3) [20] 


The Eulerian velocity components along the 2, x2, 2; co-ordinate 
directions are denoted by 1, v2, v3. The time rate of change of 
the displaced co-ordinates 21”, x2”, x3” of the particles of the body 
in the neighborhood on the reference point are therefore di- 


rectly 
oz,” ” ov; 5 
— = (fe ara 2S.) Wess 21 
2 > x; ese oS) [21] 


In these Equations [21] the factors z;” in the terms of the right- 
hand side may be expressed in terms Sf zx,’ by use of the relations, 
Equations [1]. The resulting right-hand sides of Equations [21] 
therefore become linear expressions in the z,’ and direct com- 
parison of these cofficients with those in Equations [20] gives the 
expressions for the rates of change of the natural strain compo- 
nents due to flow. These expressions are 


da;; ov; 
ai > Tar loksind eel 2G acai [22] 
dt Ox, 
k 5 
The principal strain ratios are given by Equations [19]. Their 
time derivatives are, accordingly, given by 
da; da ike dm; : 
dik 
dl;, 
+ 4;,m;; Ah (for tA 24S) eisai see s)'s oe [23] 


The second and third terms in the summation of this equation 
vanish. This can be shown as follows: Sum the third terms with 
respect to 7, and use Equations [9] to eliminate a;,m,;; the total 
contribution of this third term is thus seen to be 


dli, a; 
pe ame Odi 


5 The Gehl co-ordinates might be considered to change as 
an “indirect” result of a flow due to a relaxation phenomenon. For 
the present, however, only the direct results of flow are being consid- 
ered. It will be seen later that this delicate question is sidestepped 
by use of the resolution into principal strains. In fact, this is the 
really fundamental reason for introducing this resolution. 


acu) = 0 
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Similarly, sum the second terms with respect to k and use 
Equations [17]; the contribution of this term is 
dm;; 


z Qi 


; ie fone Ue aaea 


Thus only the first term in the summation on the right side of 
Equation [23] remains. Substitute Equations [22] into this 
first term and use Equations [17] to eliminate a,,l;, factors; the 
resulting form of Equation [23] is 


2 
= mesmer 8 


It remains to determine the expressions for the rates of change 
of the direction cosines. These expressions will be derived only 
for the two-dimensional case in the next section. 

(e) Case of Two-Dimensional Flow and Strain. The definition 
of two-dimensional strain in the 21, 2:-plane is that the deflection 
vector of all particles lies in the 7, z--plane, and all particles with 
the same 2, %2-co-ordinates have the same deflection vector. 

Referring to Equations [1], the condition on the natural strain 
components a,;; for two-dimensional strain in the x, %:-plane are 


9 (for i =H se2icd) esate [24] 


The corresponding two-dimensional flow is 


Ns 
0x3 0x3 ¥ 


The relations for principal strains, principal strain directions, and 
rates of change of these due to flow are to be derived for this case 
of two-dimensional strain and flow. 

The A,; of Equations [11] for two-dimensional strain are 


Ay = Az = As = Ax = 0; A3 = 1 
Ay = ay? + ay? 


NETS [27] 
Aog = da? + Az? 
Aj. = Ao = Gude + Ai2A22 
Thus Equations [15] for the direction cosines m;; become 
(a1? + ay? — ry)ma + (@y1d21 + a2A2)miz = 0 
(ia + A12A22 Mir at (do? + An2? — Ai )mi2 = 0 . [28] 
(1 —Ai)m,s = O 
The determinantal equation for ), is 
(1 — 2,;) [\z2 — (air? + a2? + aor? + ao2”)d; 
+ (ai1422 — Qyo0a;)?] = Ov....... [29] 


The root 43 = 1 is determined by the first factor in Equation 
[29]; substitution of this root into the first two of Equa- 
tions [28] gives, with the help of Equations [4] and [4a] 


ts = 7s = tise = ht.08 0; 


With the values of Equations [380], the remaining direction cosines 
may be expressed as 


My = M22 = COS 0; m2 = —mM = SING sae (31] 


where @ is the angle between the z; (principal) axis and the a-axis." 
The meaning of Equations [30] is of course that the axes 2 and 
zo lie in the 2, z-plane. The relative positions of these axes are 
shown in Fig. 1. 

In order to determine the value of the angle 6, first determine 
the roots of the quadratic factor of Equation [29]. These roots 
are 
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1 3 
y= 1] (ar + ay? + ao? + a22”) 


= V (an? + G2? — ada? — (ig27)? ar A(ay1Go1 ae waa | 
te [382i] 


1 
Ny = 1) ut + ayy? + an? + 22”) 


ears (au? + 22 — G12 — A22”)? + 4( a1 ae saa 


Substitution of either of these values with Equations [31] into 


x 
22 


Xy 


PosrtTIon oF PRINCIPAL STRAIN AXES 21, 22 FOR Two-DIMEN- 
SIONAL STRAIN IN 21, 2%2-PLANE 


Brew: 


either of the first two of Equations [28] will determine the angle 
6. The result is most easily expressed as 
2(di1Ge1 + ay2022) 


D220 3 Se 
» Gy? 12” — A217 —. 2? 


An expression for the rate of change of the angle @ is obtained 
by direct differentiation of Equation [383] with respect to time. 
This expression is 


2 (sec?20) X Le 
dt 
%, 2(ao1 — ay tan 26)day/(dt) + 2(a2 — ay tan 20)day./(dt) 
Qi? + a2? — do” — ayy? 
4 2(an + a tan 26)dan/(dt) + 2(a2 + Az. tan 20)da22/(dt) 


Au? + a2? — Ar? — Ar? 


Expressions [22] for the rate of change of the natural strain com- 
ponents due to flow become, for the two-dimensional case 


2(d212 + ao”) tan 20 


17 + A122 — dg)? — Ago? 


a 
a 


day, Ov1 4 ov, day Ov; Ov; 
— _—«= ay, —— i ——; —— = ap A22 
Cie Obie, fap 1.00F dis eaiy COny ae toe: oes 
so (BD 
da Od2 bis Ov» dar. Ov» sa Ove | 
SG a ot = Oh eee OOS ae 
Gee Ohio ak oF, el SEO cathe Pogel 
Substitution of these relations into Equation [34] gives 
dé 
2(sec220 == 
(sec?26) X di 
—2(an? + ai?) tan 26 ra) 
= | (au iy ioe + tan 26 = 
Gu? + a2” — an? — ao? 0x1 
2( doy? a (o9”) Ov 
ar — tan? 26 . » [86 
| 1? + die? — do,” — Ago” A Ox» 
2(au? + ar2?) Ov2 
st tan? 2@ | —— 
E + dye? — Ao1? — ae? zi 
1 | 
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The set of Equations [8] specialized for the two-dimensional case 
with the help of Equations [30] and [31] give 


Qn = aghy cos 6 — agloy sin 6 
ay = aylis cos 6 — Qole2 sin 6 
aa = oly sin 0 oe Qolo1 cos 6 
Aa = aly sin 6 + aloo cos 6 


Further, reasoning similar to that used to derive Equations [31] 
shows that lu, hi, ln, and I in the two-dimensional case may be 
expressed as 

lia = loo = cos A; he = —Iy1 = sin Giga Or, [38] 
From Equations [37] and [38] the following relations may be 
obtained which are independent of the angle 6; of Equations [38] 


a2 + 2? — a? cos? 6 + ay? sin? 6 [39] 
A,” + Ay2” = ay? sin? 6 + ay? cos? 6 


from which, finally 


2(an? + aie?) ay? + ay? : 
=e > X sec 20+ 1 
dir? + ay.” — a2? — 22? OnE 1Xe 
. [40] 
2( an? ae 22”) ay? + ay? 
Sing ; xX sec 20 — 1 
Qiu? + a2? — an? — Az? ON are 8 


Substitution of the relations, Equations [40], into [36] yields 
the final expression for the rate of change of the principal strain 
directions with flow in the ‘two-dimensional case. This final 
expression is 


2 2 d S 
2, ge aie SB IE? Higa < sin 20) ( a et 
dt ay? aa as? O22 O21 


ay” + ay? ) Ove Ov; ) Ov2 
a 20 a 
s (2 — ay? vate ; (22 BE Ox» F é 


The important characteristic of this expression is that it involves 
only the quantities a, a2, @ which describe the “‘strained”’ condi- 
tion at a point; quantities relating back to the unstrained con- 
dition, that is, the /,; or angle @ of Equation [38], do not enter the 
expression at all. Thus the question of whether the unstrained 
condition at a point of a body is changing due, for example, to a 
relaxation process, has been sidestepped. Previous reference has 
been made to this result. In this connection it should also be 
noted that Equations [24] for the rate of change of the principal 
strain ratios is also independent of the quantities J,,;. 

(f) Case of Steady-State Simple Shear Flow. A particularly 
simple and important case of two-dimensional strain and flow is 
the case of a steady-state simple shear flow. Steady flows of 
materials through tubes and channels are often of this character. 
The relations of the preceding subsection can be further spec- 
ialized for this case. 

The flow considered is a flow in the x-direction for which 


Ov; ea Ov; 

O22 02) 
A flow of this character results in two-dimensional strain in the 
21, X-plane, for which a3 = 1. With Equations [31] and [42] the 
relations, Equations [24] for rate of change of the principal strain 
ratios become 
ae 
dt 


ll 


1 
as sin @cos@ = 5@ $ sin 26 


dag 


1 
= —ajs sin 6 cos 6 = — ~ays sin 2 
7 ay 57 in 2@ 


das 


dt 
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For the rate of change of the principal strain directions, Equa- 
tion [41] gives 


3 PHENOMENOLOGICAL DESCRIPTION OF LARGE-STRAIN ELASTIC- 
iry Wiry Stress RELAXATION 


(a) Axiomatic Basis of Description. The phenomenological 
description of the stress-strain properties of materials, exhibiting 
large-strain elasticity with stress relaxation, is developed from the 
following axiomatic statements: 


1 The state of stress is dependent solely upon the state of 
“elastic” strain. 

2 The time rate of change of elastic strain is equal to the 
time rate of ‘geometric’ strain plus a spontaneous time rate of 
change which depends only upon the current elastic strain, and 
corresponds to the relaxation process. 

The second statement defines the new concept of elastic strain 
which the first requires. This axiomatic foundation can be re- 
stated at greater length, and in a manner which emphasizes the 
meanings of the terms elastic and geometric strain. 

Geometric strain has been treated in Section 2; it specifies 
the relative movements of the individual particles of a material. 
The time rates of change of the principal (geometric) strain ratios 
due to flow of a material are given by Equations [24], and of the 
principal (geometric) strain directions, for the two-dimensional 
case, by Equation [41]. Elastic strain is specified in the same 
terms as geometric strain, but differs in that its time rate of 
change is equal to the rate of change of geometric strain plus an 
additional term which describes a spontaneous relaxation of elas- 
tic strain. Because of this additional relaxation term, elastic 
strain does not specify relative movements of the individual 
particles of a material, though it is related to the history of these 
movements in a definite way. It is asserted axiomatically that 
the state of stress in the material is a function only of the elastic 
strain thus defined, and that the relaxation rate of elastic strain 
depends only upon the elastic strain itself. 

The distinction between geometric strain and elastic strain 
may be illustrated further by stating how each might, in theory at 
least, be observed. The state of geometric strain would be ob- 
served by marking a number of particles of the material and 
noting how their relative positions change. The state of elastic 
strain might be observed by cutting a small cubical element out of 
a material under flow or stress, and, removing it from its en- 
vironment, allowing it immediately to assume its natural zero- 
stress shape. The geometric strain which would have to be im- 
posed to bring the element back to its cubical shape and size when 
cut would be the elastic strain in the material under the flow or 
stress condition, or would be closely related to it.® 

The materials treated will further be assumed to be incompres- 
sible, and to have a property of isotropy generalized for the case of 
large elastic strain. This generalized property of isotropy is de- 
fined as follows: 


1 When a material is in an elastically unstrained state, its 
mechanical behavior is identical in all directions in the material. 

2 When a materiai is in an elastically strained state, its me- 
chanical behavior in any direction depends only upon the rela- 
tion of this direction to the principal strain directions, and upon 
the principal elastic strains themselves. 


It may be noted that the difference between this generalized 
isotropy and the classical isotropy is that isotropic behavior is not 


6 This reservation is made for a reason which will be referred to 
in the sequel. 
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postulated for the superposition of one elastic strain upon an- 
other. The analytical difference between large and small strains 
is of this character; superposition of large strains does not fol- 
low a simple addition law, while superposition of small strains 
does. 

A numerical determination of the stress corresponding to any 
specified deformation process in a material requires mathematical 
expressions for the spontaneous time rate of change of elastic 
strain due to the relaxation process, and a mathematical rela- 
tion between the state of elastic strain and the state of stress. 
The formulation of these mathematical expressions is the prin- 
cipal aim of the theory. 

(b) Elastic Strain and Relaxation Relations. In accordance 
with the method of specification of large strain developed in Sec- 
tion 2, the state of elastic strain may be specified by the three 
principal strain ratios a1, 2, a3, and the principal strain direction 
cosines m;;, or, in the two-dimensional case, the angle 6. Hence- 
forth this notation will be used without alteration to specify 
elastic strain. Special mention will be made if geometric strain 
is referred to, and it is different from elastic strain. 

The time rate of change of the principal elastic-strain ratios is 


given by 
da, da, da, 
hm (% i <F (4 a ae Sane [45] 


with two similar equations for a: and a3. The terms (da;/dt)geom 
are the rates of change of the elastic strain corresponding to 
change of geometric strain; in a flow these terms are given by 
Equation [24], in which a; on the right side is the elastic-strain 
ratio. The terms (da;/dt)retax describe the relaxation property of 
the material, and, as properties of the material, these terms must 
be characteristic functions of the elastic-strain state only. Asa 
result of the assumed property of isotropy these terms must be 
functions only of the principal strain ratios a1, a2, a3, and are 
designated by R:, Re, R3; thus 


ae 

dt relax oe 
em 
dt relax 


d 


A further consequence of the property of isotropy is that Ri, Re, 
R; must be obtainable from each other by interchanging the varia- 
bles a1, a2, a3; thus there is actually only a single relaxation 
function to be determined. 

It is also a consequence of the property of isotropy that the 
directions of principal elastic strain are not changed by relaxa- 
tion. Equation [41] is therefore valid for the change of elastic- 
strain direction in two dimensions provided that a and az on the 
right-hand side are elastic strains. 

A set of geometric-strain ratios which correspond to zero volume 
change in a material must satisfy the relation 


Ri(a, a2, a3) 


Re 1, A2, as) 


Ohm OH) SK | CORO onsen ela ances [47] 


The rates of change of geometric strain for incompressible mate- 
rials must therefore satisfy the relation obtained by setting the 
time derivative of the left side of Equation [47] to zero 


1 da, ¥ 1 “e*) il (*) 
pan haet: a Mia lrarie Vaan = 0.. [48 
Qa) ( dt es a a2 ( dt geom a3 dt geom 


However, there appears to be no fundamental reason that the 
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rates of change of elastic strain, R; = (de;/dt)relaz, must also sat- 
isfy Relation [48]. If they do not for a particular material, 
then, even though the material be incompressible, the Relation 
[47] need not hold for the elastic strain. This is actually the 
case for the simple molecular representation analyzed in Section 
4, and is the reason for the reservation referred to previously.® 

(c) Stresses and Strain-Energy Function. For rapidly applied 
geometric strain it is evident from Equation [45] that, since the 
terms (da;/dt)reiax = R; are functions of a, a2, a3, the relative 
effect of relaxation upon the elastic strain becomes small, and 
the resulting elastic strain is nearly equal to the applied geo- 
metric strain. In the limit of very rapidly applied geometric 
strain the elastic and geometric strains become identical. This 
fact has important theoretical consequences. 

Together with the axiomatic assumption that the stress de- 
pends only upon elastic strain the possibility of coincidence of 
elastic and geometric strain establishes the existence of a strain- 
energy function y. This function is equal to the recoverable 
strain energy per unit volume stored up as a result of the action 
of the elastic stresses. As a result of the assumed property of 
isotropy, ¥ depends only upon the principal elastic-strain ratios 
in such a way that its values are unaltered by any interchange of 
Oy, 2, Als. 

A further result of the possibility of coincidence of elastic and 
geometric strain is that the principle of virtual work can be 
used to obtain expressions for the stresses in terms of elastic 
strain from the strain-energy function. In such application of 
the principle of virtual work, elastic-strain increments are treated 
as geometric-strain increments. 

It may be recalled that any stress condition at a point is 
equivalent to three principal tension (or compression) stresses, 
to be denoted by o1, o2, o3, acting across planes normal to the three 
principal stress directions. It is a consequence of the property 
of isotropy that the principal elastic-strain directions and the 
principal stress directions coincide. The zero stress condition 
o1 = o2 = o3 = O will be associated with the elastically unstrained 
condition a; = a2 = a3; = 1. 

The relation between stresses and strains can be derived from 
the strain-energy function by considering the virtual work done 
on an elemental volume of material during a small virtual de- 
formation specified by elastic strain changes 5a1, daz, da3. AS 
remarked before, elastic-strain changes can be identified with 
geometric-strain changes for the purpose of applying the prin- 
ciple of virtual work. 

Consider an element of material in the shape of a rectangular 
parallelepiped with sides normal to the principal strain directions. 
The lengths of the sides of the parallelepiped must remain propor- 
tional to the elastic-strain ratios in any virtual deformation, and 
can therefore be represented by ail, a2, a3h3, where In, Le, Ls 
are constant lengths. 

On the assumption of isotropy, as defined previously, the stress 
condition is one with principal stresses o1, 02, o3 acting on the 
faces of the parallelepiped, which have been placed normal to the 
principal strain directions. The force on each face of the paral- 
lelepiped, therefore, acts normal to the face. The magnitudes of 
these forces, designated by Fi, Fs, F'3, are equal to the products 
of the stresses and areas of the respective sides, and are 


Fy = a2a3L2L301 | 
Fy 
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The parallelepiped and these forces are indicated in the diagram of 
Fig. 2. The work per unit volume 6W done by the forces Fi, Po, 
F, during a virtual displacement corresponding to elastic- (and 
geometric-) strain changes day, daz, daz is 
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The second form of this expression follows from the first by virtue 
of Equations [49]. This work is equal to the change dy in the 


Fig. 2. Forces oN AN ELEMENT OF VOLUME 


value of the strain-energy function corresponding to the elastic- 


strain changes 6a, da2, 6a3. Thus 
ra) 
Fg Tags edi Petes ce Dy om, 5 vieleaiate [51] 
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Both Equations [50] and [51] are valid for any arbitrary values 
of 5a1, a2, 5a3; accordingly, the coefficients of each correspond- 
ing differential in the two expressions must be equal. Thus the 
required stress-strain relations are 
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In the case of an incompressible material the virtual displace- 
ments must be restricted to those which correspond to no volume 
change, that is, to those for which 


dor, Ba | Bay 

ay az a3 
It may be noted that in this case a hydrostatic pressure (tension ) 
component 
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will not cause any virtual work by Equation [50] and correspond- 
ingly, may exist independent of the virtual-work expressions, 
Equation [53]. For incompressible materials the stress-strain 
relation which replaces Equations [52 is 
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where p is an arbitrary hydrostatic tension which must be deter- 
mined by external circumstances. 
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(d) Recapitulation. .A quantitative and mathematical de- 
scription of the stress-strain behavior of a material exhibiting 
large-strain elasticity and stress relaxation has been developed 
from a purely phenomenological viewpoint on the basis of two 
fundamental and axiomatic assumptions. The materials have 
further been assumed to be incompressible, and to possess a 
generalized property of isotropy. 

The description is made in terms of a strain-energy function 
y, and relaxation functions Ri, R2, and R;; each of these func- 
tions is a characteristic function of the principal elastic strains a, 
a, a3. The description is quantitatively complete when the values 
of these functions are known. It may be remarked that, as a re- 
sult of the assumed isotropy, when any one of Ri, R2, or R; is 
given, the others follow by interchange of the arguments a1, a, 
a3; thus there are in reality only two independent functions to be 
determined, y and (say) Ri. 

If applications are limited to the case of infinitesimal strains, 
that is, a1, a2, as, differing only by infinitesimals from unity, then 
the functions y and & might be replaced by the first terms of their 
Taylor series expansions about the point a; = a2 = a3; =1. This 
approximation leads to the classical Maxwell liquid theory. 

However, when large deformations occur the behavior becomes 
more complex, and the abbreviated Taylor expansions are not 
adequate. It is necessary to use the complete functions or 
something closely resembling them. The functions y and R are 
properties of a material, and express the characteristics of in- 
ternal structure which govern stress-strain behavior. They 
must be derived, therefore, either from a consideration of the 
internal structure of the materials or from rather extensive em- 
pirical observations or both. 


4 A MoxtecuLtarR REPRESENTATION OF MATERIALS EXHIBITING 
LARGE-STRAIN ELASTICITY AND RELAXATION 


(a) Purpose of Molecular Representation. Plausible forms for 
the strain-energy and relaxation relations are to be obtained from 
an analysis of the behavior of a mechanical representation of the 
molecular structure of rubberlike materials. The large de- 
formation elasticity, which is characteristic of rubberlike mate- 
rials, is attributed to the bulk properties of highly elongated 
chainlike molecules of which these materials generally consist. 
The molecular representation proposed here is based upon the 
general descriptions given by several authors’ of these molecules. 

This molecular representation is introduced primarily to illus- 
trate the structural significance of the phenomenological con- 
cepts of elastic strain and relaxation which have been introduced 
in the preceding section. Detailed characteristics are not ex- 
pected to be quantitatively realistic, but have been chosen to a 
large extent to lead to simple and exact mathematical solutions 
for mechanical behavior. However, the analysis of this model 
from an internal structural point of view does implement the 
phenomenological description already given, and the resulting 
forms for the strain-energy and relaxation functions serve as 
starting points for the interpretation of empirical observations, 
and can eventually be refined therefrom, 

(b) Description of Molecular Representation. ‘The molecular 
structure of the materials is represented by a matrix composed of 
a great number of structurally identical, highly elongated, chain- 
like molecules which behave in bulk as though they were embedded 
in an incompressible liquidlike medium. Each of the molecules 
assumes a more or less twisted and folded configuration, and is 
intertwined with numerous neighboring molecules. The whole 
assembly of molecules is in a state of continuous thermal agita- 
tion as a result of which the individual molecules have a certain 


7 See, for example: J. Frenkel, Kinetic Theory of Liquids, Oxford, 
England, 1946, especially Chapter 8. 
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mobility or freedom of movement. This mobility is, however, 
also restrained in some degree by the interlaced configuration of 
the molecules. 

Although, for purposes of visualization, the concept of a sur- 
rounding liquidlike medium in which the elongated molecules 
are embedded will be retained, the actual existence of a physical 
medium is not necessarily implied. The use of the concept may 
be considered merely as a graphic description of certain bulk 
properties of the matrix of intertwined molecules. The speci- 
fic properties attributed to this surrounding ‘‘medium”’ are in- 
compressibility and lack of resistance to change of shape. 

It is assumed that at any particular instant the thermal motion 
of each individual molecule can be considered as a vibration about 
a defined position of equilibrium. The only effect of the thermal 
motions upon macroscopic mechanical properties is considered 


- to be their statistical effect upon the mobility of the equilibrium 


positions of the molecules. All effects of the equilibrium con- 
figurations of the molecules are assumed to be represented by: the 
lengths r between the two end points of each one, and by the di- 
rections of these lengths. The assumed form of this representa- 
tion is as follows: The internal force within any molecule as well 
as its force interaction with its surroundings is equivalent to a 
simple tension force f tending to draw its end points together. 
The force f is proportional to the length 7, thus 


tei SS Pe eictNinari a omionee EN Sc (55 ] 


where K is a characteristic proportionality constant or stiffness 
with the dimensions (force)+(length). The total effect of each 
molecular configuration upon the potential energy of the material 
is just the internal molecular potential energy of the force, 
Equation [55]. Thus the total potential energy of the material 
arising from molecular configurations is the sum of the con- 
tributions dW of each individual molecule 


dW = Sfadr = ; 
In any process involving only mechanical deformation the po- 
tential energy can be identified with the strain energy. Thus 
in such processes the sum of the contributions, Equation [56], 
for all molecules within a small volume of the material divided 
by the volume gives the value of the strain-energy function y 
for the material within the volume. 

When the material is deformed, the equilibrium configurations 
of the molecules are assumed to change in accordance with 
the deformation as though their end points floated freely with the 
corresponding motion of the surrounding liquidlike medium. 
The molecular configuration may also change spontaneously 
with time under the sustained action of the forces, Equation 
[55], and also as a result of the random thermal agitation. The 
balance of these changes of molecular configuration, which give 
rise to the bulk properties of the material, are treated by the 
methods of statistical mechanics. 

(c) Statistical Mechanics of Molecular Representation. The 
properties and macroscopic state of a material depend only upon 
certain statistical averages of the parameters which describe the 
detailed configurations of the individual molecules. In the case 
of the molecular representation now being considered these sta- 
tistical averages involve only the magnitudes and directions of the 
effective molecular lengths, which have been designated by the 
symbol r. 

For purposes of description it is convenient to think of these 
lengths and directions as being represented by vectors extending 
out from the origin of co-ordinates in a “phase space.’’ The 
directions and lengths of the molecules are thus represented by 
the same vectors in the phase space as they would be represented 
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by in their actual physical positions; in the phase space, how- 
ever, these vectors all issue out from the origin of co-ordinates. 
Cartesian co-ordinates in the phase space are designated hy 2, y, 
z. The molecular length vectors are, accordingly, represented by 
the points in the phase space at the outer ends of the vectors, or 
by the 2, y, z-co-ordinates of these points. Thus in phase space 


RA EG Mea Ph Ato gone ore [57] 


A statistical description is required of the configurations of 
the molecules within an element of volume of the material which 
is small enough that the macroscopic state, i.e., the stress, strain 
and temperature, may be considered constant throughout, but 
which is large enough to contain a very great number of mole- 
cules. In the phase space the end points of the vectors represent- 
ing the individual molecular configurations will form a “cloud,” 
the density of which describes the distribution of configurations 
over the various possibilities. Quantitative description of this 
cloud of points in the phase space is afforded by a “distribution 
function” p, which is a function of the phase-space co-ordinates 
2, y, 2, with values such that the fraction of the molecules which 
have phase-space configuration vectors in the range 


to << x2< a + Ax 
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The magnitudes of the increments Az, Ay, Az in Expressions 
[58] and [59] are understood to be large enough to include a 
representative number of vector end points, yet small enough that 
p is sensibly constant over the range of Expression [58]. Be- 
cause of the immense number of molecules in even a very small 
macroscopic element of material, this requirement should not 
cause any theoretical difficulties. 

An immediate consequence of the definition of the distribution 
function p is that it must at all times satisfy the relation 


dhe {ee [70 ae dy de = 1 Serene: [60] 


It must also be remarked that, since the statistics of the molecular 
configurations may change with time, p must also be considered a 
function of time ¢ as well as the phase-space co-ordinates z, y, z. 

Let N denote the number of molecules per unit volume of the 
material; this number is a constant for any particular incom- 
pressible material. On the basis of the assumptions which have 
been made the value of the strain-energy function is, from 
Equations [56] and [57] 


NK fo] o eo 
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The conditions which govern the variation of the distribution 
function p are now to be set up. Thermal agitation itself causes 
a random change in the directions and magnitudes of the effec- 
tive molecular lengths, that is, in their z, y, z-phase space com- 
ponents. The over-all thermal-agitation effect on the distribu- 
tion function is, therefore, represented by the diffusion equation 


Op 0%p 2p 
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in which the constant D is a ‘‘diffusion coefficient,’’ and measures 
the balance between thermal-agitation forces and molecular- 
restraint forces due to intertwining of the molecules. The physi- 
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cal dimensions of D are (length)? + (time). For purposes of this 
simplified theory D is considered a constant. 

The effect of the internal molecular tension force, Equation 
[55], acting against the restraint of the molecules due to inter- 
twining, may be represented in the phase space by a central 
attracting force acting upon the cloud of vector points against a 
viscous resistance to movement. The central force will cause an 
inward radial drift of the vector end points with a velocity v, pro- 
portional to the force; thus 


0, = —pf = —pKr = —pKV 2? + y? +22 oe.. [63] 


The coefficient » in this equation has the dimensions (length) + 
(force X time), and is considered constant. The effect of this 
drift velocity in the phase space upon the distribution function 


is as follows 


Op Z eed i pK O \ 
oa a r? Or Lert.) a r? Or ler 

ra) ra) fe) 
= uK (-32 +39) = uK (2 ty~422 + 8). [64 


Combination of Equations [62] and [64] by the principle of di- 
rect superposition yields the following differential equation for 
the distribution function p, which holds in the absence of motion 
due to externally applied deformations 
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The constants D and y»K of this equation are molecular con- 
stants in terms of which the bulk properties eventually will be 
expressed. For the present purposes they may be considered 
merely as constants of the material which might be evaluated 
from experimental observation. 

The equilibrium distribution function po, for which dp0/d¢ = 0, 
is the solution of the equation formed from Equation [65] by set- 
ting the time derivative 0p/dt equal to zero. Thus the equation 
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The solution of Equation [66], which also satisfies condition 
[60], which may be verified by substitution into these relations, 
is 
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is a fixed reference value of the effective molecular length r. 

The distribution function po of Equation [67] represents the 
material in a condition of statistical equilibrium. This function 
is directionally symmetrical so that the cumulative effect of the 
molecular forces, Equation [55], must be hydrostatic tension 
which can be balanced by the action of the surrounding liquid- 
like medium. Except for an arbitrary hydrostatic pressure p 
(see Equations [54]), which can have no effect on strain energy be- 
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cause of the assumed incompressibility of the material, the 
equilibrium distribution function corresponds to the zero stress 
condition, which is also the condition of no elastic strain 


a1 = a =a;3;=1 


A structural representation of elastic strain can be described 
by means of the distribution function p. Consider a body having 
initially the equilibrium distribution function po to be deformed 
rapidly enough that relaxation effects during the deformation may 
be neglected. Without loss of generality this deformation can be 
considered to correspond with a strain having principal strain 
directions along the co-ordinate axes 2, y, z of phase space. The 
strain imposed is arbitrary, except that it must conform to the 
condition of incompressibility 
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During deformation the end points of the molecules are assumed, 
as stated before, to follow freely the movement of the surrounding 
medium. Thus a molecule which had an effective length vector 
specified by the phase-space co-ordinates 21, y1, 2: before the de- 
formation, would have the co-ordinates 2’, y:’, 2:’ after the 
deformation, where 
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The distribution function immediately after the deformation is 
obtained by substituting according to Equations [70] the values 
(x'/a1), (y'/a2), (2'/as) for x, y, z in Equation [67]. After this 
substitution is made, interest is restricted to the transformed 
phase-space co-ordinates x’, y’, z’; therefore the primes may be 
dropped from the notation without confusion. The distribution 
function immediately after the deformation is, accordingly 

p= a x e7[(a/ aa)? + (y/a2)? + (2/0cs)?} + 10? | ala’) 
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The factor a1a2a3; has been inserted into Equation [71] in order 
to satisfy formally the Condition [60]; this factor is, by Equation 
[69], equal to unity and so does not change the values of p in 
Equation [71]. 

(d) Determination of Relaxation and Strain-Energy Functions. 
Relaxation effects can now be examined by considering the mate- 
rial to be held by external forces in a deformed state, represented 
initially by the distribution function, Equation [71], and the 
principal strain ratios a1, a2, a3. The nonequilibrium Equa- 
tion [65] for the distribution function is to be applied starting at 
t = 0 with the distribution function, Equation [71] 

It may be verified by substitution of Equation [71] into Equa- 
tion [65] that the solution for p under these conditions is a dis- 
tribution function of the same form as Equation [71], but with 
a4, a2, a3 functions of time governed by the following differential 
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where 7’ = 1/(2uK) has the dimension time, and is of the nature 
of the “‘relaxation’”’ time of the classical Maxwell liquid. 

It can be seen, therefore, that the general solution for the dis- 
tribution function p under any history of external deformation is 
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an expression of the form, Equation [71], where the variables 
a1, a2, as change with applied deformations in the same way that 
geometric strain does, and in addition have spontaneous time 
rates of change, or relaxation, given by Equations [72]. The 
variation of ai, a2, a3 is thus governed by conditions of the type 
specified by Equations [45]. 

Substitution of the general distribution function, Equation 
[71], into Equation [61] gives for the strain-energy function y, 
the expression® 


(012 + ag? + 032)... eee ee [73] 


where G = 1/2(NKro?), and has the dimensions (force) + 
(length)? of a modulus of elasticity; it corresponds to the shear 
modulus of the classical Maxwell liquid. Thus since the strain- 
energy function has the arguments ai, a2, a3, and these variables 
are governed by relations of the form, Equation [45], it is clear 
that these variables are the structural representations of elastic 
strain, 


5 APPLICATION OF THE THEORY TO FLOWS IN CHANNELS AND 
TUBES 


(a) Remarks on Applications. Although the general stress- 
strain behavior of materials exhibiting large strain elasticity with 
relaxation is specified when the strain-energy and relaxation 
functions are known, the application of this specification to de- 
termine flows of materials under particular conditions is in itself 
a difficult task. The general problem is one of extreme com- 
plexity so that reliance must be placed on special techniques 
developed for specific problems. 

As an illustration of the special techniques which may be em- 
ployed, solutions are presented here for the important cases of 
steady-state flows in long uniform channels of infinite width, and 
in long straight circular tubes. These solutions are based on the 
observation that in steady-state flows in long tubes or channels, 
all particles of the material move in straight lines parallel with 
the tube or channel walls; the flow velocity does not vary in the 
direction of flow, but varies only in a direction normal to the flow. 
Consequently, the flow environment of each particle of the mate- 
rial is a steady-state simple shear parallel with the walls. The 
elastic strain of an element in a steady-state simple shear flow ap- 
proaches a limiting steady value which is determined by equat- 
ing to zero the net change of elastic strain, which is the sum of 
the changes due to change of geometric strain in the flow and that 
due to the relaxation process. This limiting steady elastic strain 
will prevail in the flows within long tubes and channels. 

Thus, in these cases, the stresses can be determined directly 
in terms of the shearing rate. The flows themselves can be 
determined from the shearing-rate distributions which satisfy the 
stress-equilibrium conditions. 

The course of these analyses is first indicated for general strain- 
energy and relaxation functions, and then illustrated by numerical 
examples using the following forms for strain-energy function 
y, and relaxation functions R; 
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where n is a dimensionless constant. These are generalized 


8 The indicated integrations of Hquation [61] are carried out with 
the help of the known definite integrals 
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forms of the functions derived in the previous section which ap- 
pear to fit data of the author? rather well with values of n in the 
range 1.1 to 1.5. For n = 2 these functions coincide with those 
of Equations [72] and [73]. The constants G and T have the 
same dimensions of an elastic modulus or stress and time, respec- 
tively, as those of Equations [72] and [73], and also have the 
same significance. For infinitesimal strain the Functions [74] for 
any value of n describe a classical Maxwell liquid; these functions 
were set up so that G and 7’ will have their classical significance 
for each value of n. It may be noted that the behaviors spec- 
ified by Equations [74] at infinitesimal strains are independent of 
the value of n. 

The forms of Equations [74] were suggested in the course of a 
rather extensive study of the previous data.2, Though these forms 
do fit the data of that reference within the experimental error, 
the data give relatively little information on the relaxation proc- 
ess because relaxation was a comparatively small factor in deter- 
mining the stress at the rapid extension rates of those tests. 
The factor «; in the relaxation functions R; of Equations [74], 
which governs the relaxation rate at large extension ratios, was 
broadly verified by these tests; however, the tests give virtually 
no information on the factor (1 — a;~”), which governs the re- 
laxation rates for low stresses. 

The strain-energy and relaxation functions, Equations [74], are 
presented, therefore, not as wholly realistic forms, but as the best 
information available at present upon which to base numerical 
examples. 

Presentation of the analysis of the data which led to these 
forms will be postponed until the data from further tests, which 
will give information on the relaxation at low stresses, are availa- 
ble. 

(b) Elastic Strain and Stresses in Steady-State Simple Shear 
Flow. Consider a two-dimensional flow referred to plane Car- 
tesian co-ordinates x; and x2, in which the direction of flow at 
every point is parallel to the z-axis, and the velocity of flow is 
independent of time and of the x,-co-ordinate. Each particle of 
the material travels along a straight line parallel to the 2)-axis, 
and is subject to a continuous simple shear deformation at an 
unvarying rate specified by s = (dv,)/(dz2). The geometrical 
strain relationships for this case have been analyzed in Section 2 
to which reference is made. 

Expressions for the rates of change of elastic strain and of the 
angle of the principal elastic strain directions due only to the 
geometric flow are given by Equations [43] and [44]. The net 
changes of these quantities when relaxation effects are included 
are, following relations, Equations [45] and [46] 
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As just described, in the parallel flows being considered, each 
element of the material is subject to a steady-state shearing rate 
s. The values of a1, a2, a3, and 6 will, therefore, adjust them- 
selves in a period of time to the steady-state condition 
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which, with Equations [75] yield four equations to determine 
the four quantities which specify the elastic strain as functions of 
shearing rate s. 

The principal stresses o1, a2, and 3 are then given, for the in- 
compressible case, by Equations [54]. The principal stress o; 
acts in the direction normal to the plane of flow, while o; and o2 
act at an angle 6 to the x:- and z-axes, respectively, or along the 
a- and Z-axes in Fig. 1. The in-plane direct stresses o1 and o2 
acting normal, respectively, to the a- and x-axes, and the shear 
stress r acting on each of these planes are given by 
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The positions and directions of these stresses are shown in Fig. 
4, 

A principal result of this analysis can be represented by an 
“apparent viscosity for simple shear’’ 7,, which is defined by 


Since the shear stress 7 is a function of s, this apparent viscosity 
is also a function of s. The apparent viscosity thus defined has 
the same dimensions, (force) X (time) + (length)?, as the co- 
efficient of viscosity of a Newtonian liquid, and has, for the par- 
ticular flows being considered, a similar significance. 

With the forms of Equations [74] for the relaxation functions, 
the conditions, Equations [76] for steady-state shear may be 
written 
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into which the dimensionless measure of shearing rate S = sT has 
been introduced. 

The relations, Equations [79], can be solved explicitly for a 
series of values of the dimensionless shearing rate S by assigning 
a set of values to the quantity (nS/2) sin 20. Then a and ay are 
determined explicitly for the first two of Equations [79], and @ by 
the last. The results of computations of this kind, and the sub- 
sequent determination of stresses and apparent viscosity are pre- 
sented in Table 1, for n = 5/4 and 3/2. The apparent viscosi- 
ties are shown plotted as functions of the dimensionless shearing 
rate S in Fig. 3. 

The case n = 2 allows a very simple analytical solution for the 
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When these expressions are substituted into the last of Equations 
[79], the results are 


cos 26 = Ssin 26; or cot20=S......... (81] 
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The principal stresses, from Equations [54], are 
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The in-plane stresses on the co-ordinate planes, from Equations 
[74] are 
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The apparent viscosity defined by Equation [78] is, in this spe- 
cial case, independent of shearing rate, and is equal to G7; this 
result is in accord with the Maxwell liquid behavior. 

(c) Flow in Long Channels of Infinite Width. In a typical 
steady-state flow at some distance from the entrance or exit of a 
long channel with parallel walls and of infinite width, all par- 
ticles of the flowing material move in parallel straight lines which 
are also parallel with the walls. The flow is symmetrical with 
respect to a plane parallel to and lying midway between the 
channel walls. Since each element of the material is deformed 
in simple shear, acting parallel with the channel walls and in 
the direction of flow, the steady-state stress condition is given in 
terms of shearing rate by the analysis of the preceding subsection. 
The results of that analysis can be used in conjunction with the 
stress equilibrium conditions to determine the velocity and stress 
distributions in such channel flows. 

Let Cartesian co-ordinates 21, 22, x3; be set up in a channel 
with the 2x;-axis lying in the mid-plane in the direction of flow, 
the z;-axis in the mid-plane at right angles to the flow, and the 
Z-axis normal to the channel walls. Let the distance between 
the channel walls be designated by 2h. The stresses in the plane 
of flow on a typical element of the material are those given by 
Equation [77], and are indicated in Fig. 4 which also shows the 
co-ordinate system and channel. 

The equations of equilibrium for the stresses in the plane of 
flow indicated in Fig. 4 are 
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According to Equations [54], the principal stresses for an-in- 
compressible material may be considered to consist of two parts: 
the hydrostatic tension p which is independent of the elastic 
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Fig. 3 APPARENT VISCOSITY FOR SIMPLE SHEAR VERSUS SHEARING 
Rate 


Fig. 4 Co-OrpINaATEs AND STRESSES ON TyPIcaAL ELmMENT FOR 
FLow IN CHANNEL 


TABLE 1 STRESSES AND ELASTIC STRAINS FOR STEADY-STATE SIMPLE SHEAR FLOW 
FOR THE STRAIN ENERGY aie Oma ENTe ne tea OF EQUATION [74] 
= s3f = v 7 


o11 — 22 Az, ne 
; s 6° on ces G G GT 
.0 45.0 1.00 1.00 0.0 0.0 1.000 
0.337 35.9 1.20 0.864 0.21 0.317 0.949 
0.793 26.9 1.51 0.764 0.90 0.615 0.776 
1.613 18.5 2.08 0.687 2.41 0.893 0.553 
2.383 14.0 2.62 0.654 3.88 1.032 0.433 
2.972 11.9 3.03 0.639 5.02 1.107 0.373 
3.822 9.7 3.62 0.625 6.70 1.191 0.312 
5.165 7.6 4.56 0.612 9.46 1,291 0.250 
7.660 5.4 6.31 0.598 14.89 1.452 0.186 
9.413 4.5 7.54 0.593 18.93 1.499 0.159 
12,164 3.6 9.48 0.589 25.64 1.598 0.131 
17.313 2.5 13.13 0.584 39.03 1.738 0.100 
30.982 1.5 22.87 0.579 79.09 2.004 0.065 

© 45.8 +S 0.718S 0.574 1.057 X S'4 0,845 X S!/4 0.846 + S2/4 

n = 3/2 

0.0 45.0 1.00 1.00 0.0 0.0 1,000 
0.277 37.4 1.16 0.886 0.15 0.268 0.969 
0.621 29.6 1.41 0.799 0.65 0.546 0.879 
1.166 ep lays 1.84 0.732 1.82 0.858 0.735 
1.630 17.5 2.23 0.702 3.00 1.048 0.643 
1,966 15.3 2.52 0.689 3.94 1.162 0.591 
2.4381 13.0 2.92 0.676 5.32 1.300 0.535 
3.131 10.6 3.54 0.664 7.61 1.478 0.472 
4.357 8.0 4.64 0.652 12.14 1.740 0.399 
5.177 6.9 5.39 0.647 15.52 1.892 0.366 
6.422 5.6 6.53 0.643 21.12 2.101 0.327 
8.617 4.3 8.55 0.639 32.29 2.425 0.281 
14.012 2.6 13,57 0.634 65.71 3.077 0.220 
22.516 eri 21.55 0.632 132.44 3.889 0.173 

ro) 38.2+ 8 0.840 S 0.631 1.225 X S3/2 0.817 X S!/2 0.817 + §1/2 
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strain; and the parts (a,0¥)/(0e;) which depend only upon the 
elastic strain. It will be convenient to consider the stresses 
entering Equations [84], which are given in terms of the principal 
stresses by Equations [77], to be composed of the corresponding 
two parts; thus 


ou = (or — Pp) +P = fut) + p | 


o22 = (022 — aca D Ee fore) ani4 { bv joyens Byes [85] 
Ry = 70 
7 = 7(22) 


The stresses (a1 — p), (o22 — p), and r depend only upon elastic 
strain and therefore, in the present flows, must be functions only 
of the co-ordinate x2. This dependence is indicated in Equations 
[85] by introducing the functions fi: and fo: of x2 only for (a1 — 
p) and (o22 — p), and by writing r = r(x). Since the partial 
derivatives of fi, foo and 7 with respect to x are zero, use of the 
forms, Equations [85], in the equilibrium relations, Equations 
[84], reduces the latter to 


op dr 
al aX) 
O21 dix | 
a Sele Ml eae [86 ] 
op 22 
eae eae) 
Ox» a dz, | 


The second of Equations [86] contains only derivatives with 
respect to 22, and may be integrated at once to give 


P= f(a) — Sool x2) suave (Caiaist ays ensues sorer ens (87 ]} 


where f(z1) is an as yet undetermined function of x; only. Now, 
since 7 and therefore also (dr)/(dx2) are functions of x2 only, it 
follows from the first of Equations [86] that (O0p)/(O0#) must be 
independent of z;. It then follows from the form of p in Equation 
[87] that (Op)/(0z1) must be a constant; therefore Equation [87] 
may be written 


p= Cay + Po — foo SOOCROACP ETT ex OvcY CMON [88] 


where pp is a constant of integration. Substitute this result into 


the first of Equations [86], thus 
ta, OTT Coe eee [89 ] 


Since by symmetry the shear stress on the midplane z. = 0 must 
be zero, there is no constant of integration in the expression for 
7. Putting these results into the Equations [85], the general 
solution of the equilibrium equations for flow in a channel is 


ou = Cx + po + fir — foo } 
o2 = Cay + Po 
o3 = Cx + po — fr 


a —Cx2 


. [90] 


As remarked before, fi: and foo depend only upon 22; thus the 
constant C is the pressure gradient in the direction of flow. 

The analysis of the steady-state shear conditions of the pre- 
vious subsection has expressed the steady-state shearing rate 
s = (dv,)/(dx2) as a function of the shearing stress 7; therefore, 
with Equations [90] for the channel flows 


dv; 
Fis = s(r) = —s(—7r) = —s(Cxe)......... (91] 
Here s(r) = —s(— ) follows from the necessary odd character 


of the shearing rate-shear stress relations. From the values of s 
the values of elastic strain and the stresses (1. — p) = fi and 
(o22 — p) = fez follow from the steady-state shear analysis. 
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The velocity distribution over the channel is determined from 
Equations [91] by the integration 


Le x2 
aeoeee ih nied a fb s(Canydre... [92] 


where the constant of integration v is determined to make 1, = 0 
at the channel wall z, = h. Values of 1 in the negative range 
of 22 follow by symmetry. The volume rate of flow per unit width 
of the channel, denoted by q, is determined by a second integra- 
tion 


The over-all resistance of a material to flow can be expressed 
conveniently by analogy to the flow of a Newtonian liquid. 
For Newtonian liquids the relationship between the volume flow 
rate q, the pressure gradient C, and the viscosity coefficient 7 is 


An “apparent viscosity coefficient for flow in a channel” », may 
be defined in terms of the g given by Equation [93] and h and C 
by analogy to Equation [94]; thus 


The solution, Equations [90], is perfectly general for all mate- 
rials of the type considered, and holds in particular for materials 
of which the behavior is specified by the functions, Equations 
|74]. For these materials the dimensionless shearing rate S = 
sT is a function of the dimensionless stress quantity 7/G. It is 
convenient to write Equations [91] in the following form for these 
materials 


The integration specified in Equation [92] is written in terms of 
the dimensionless variables 


Cxz Ch 
X pias cee ee ema oe a ete 
G? G [97] 
thus 
G 
1 = Gp oH, X) Te Seas ae [98] 
where 
CAC S he, 3.0)). I) Sax if SAX Reson eee [99] 
The integral for the volume output rate g may be written 
q= cap? moc [100] 
where 
H 
p= if PY CET XN XGN Seca ae eae [101] 


The apparent viscosity coefficient for flow in a channel is, from 
Equations [95] and [100] 


cee eg ee eee [102] 


The dimensionless measure of apparent viscosity 7,/(GT) is a 
function of the single variable H, defined by Equations [97]. 
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The dimensionless measure of the volume output rate q7'/h? is 
also a function of H by Equation [100]. Therefore, 7,/(GT7) is 
a function of g7'/h?, and their relationship characterizes the re- 
sistance to flow of these materials. 

Numerical computations have been made for the case n = 5 /A, 
using the relationship between S and r/G given in Table 1. The 
results of these computations are summarized in Table 2, the 
n-/(GT) versus qT /h? plot in Fig. 6, and the velocity-distribution 
curves in Fig. 5. 

Previous data of the author? indicate that the constants for 
polyethylene at 300 F are approximately as follows: n = 5/4, 
G = 5 psi, T = 0.1 sec, G7 = 0.5 lb sec/in.? = 34,500 poises. 
As an example of an application of the numerical computations, 
the apparent viscosity for flow through a channel of height 0.01 
in., and at a volume rate of 0.025 cu. in. per sec per in. width will 
befound. Thus 


h = 0.005; gT/h? = 0.025 X 0.1/0.000025 = 100 
n-/GT = 0.74(qT/h?)—3/4 = 0.74/31.6 = 0.0234 
n, = 0.0234 X 34,500 = 810 poises 


Values of this general order were found in measurements on the 
extrusion of polyethylene sheet at the Plax Corporation in June, 
1947. 

(d) Flow in Long Circular Tubes. The flow in any radial plane 
of a circular tube can be referred to 21, x2-co-ordinates as in Fig. 4, 
if x2 is interpreted as the radial co-ordinate, and h the tube radius. 
The stress notation of the previous subsection also can be used 
for the tube flow if oz: is interpreted as radial stress, and o3 as 
circumferential stress. In the case of the circular tube the flow 
and stresses are symmetrical with respect to the tube axis x, and 
the stress-equilibrium equations are 


eee? os 7G | 
O21 axe Xe [103] 
O09 Or »- O99 — 63 
42 =0 
O22 0x1 4 L2 } 


As before, the stresses are represented in the form of Equations 

' [85], and it is again noted that 7, fu, and fo, being functions only 
of elastic strain, must be dependent only upon the radial co- 
ordinate x2. The derivatives of these quantities with respect to 
2, vanish, and the equilibrium Equations [103] may accordingly 
be written 


*) 
rey Wore) 
an — a (aor) =0 | 
Ly v2 2 } bt {104] 
op 1 d 
EE = (0) 
ar, a i: (xofoo) | 


Integration of the second of these equations with respect to x2 
leads to the following form for p 


where f(x) is an as yet undetermined function of 2; only, and F2 
is given by 


and is, accordingly, like fz: a function of zz only. 

It is noted as before that the first equation requires that 
(Op)/(da1) be independent of 2, and must, from the form of 
Equation [105], be a constant C. Thus the general solution of 
the stress equilibrium equations for the tube can be written 
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TABLE 2 APPARENT VISCOSITY FOR FLOW IN CHANNELS 


qT ne 

H ha (GT) 
0.0 0.0 1.000 
0.25 0.170 0.979 
0.5 0.372 0.897 
0.75 0.635 0.787 
1.0 1.06 0.631 
1.25 1.85 0.451 
1.5 3.39 0.295 
1.75 6.06 0.193 
2.0 10.3 0.129 
32 0.65 X 104 1.03 + He , 


12 
5 10 FOR (a) > 10 | 
: R MGT = OTAQTAY 
08 
ie 
= 
B 06 
3 
= 
= 04 
= 
= 02 
ota ea TEE tn Te? 
(FLOW RATE q)x Vt 
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on = Ca + po + fu — Poe | 
a2. = Cx, + po + fo2 — Foe 
= Cx, + po — Foe | 


FR = —Cx2/2 


8 
| 


Again po is a constant of integration, and C represents the pres- 
sure gradient in the direction of flow. 
The relation for the shearing rate s is 


oe s(r) = —s(—r) = —s eS sere anid [108] 
dx. 


The functions fu, fox, and Fy. of x, in the solution, Equations 
[107] are determined as before to fit the stress condition, which 
follows from the elastic strain corresponding to the shearing rate 
s given by Equation [108]. Equation [92] for the velocity dis- 
tribution is valid in this case if the argument of s is made Cz;/2. 
The volume rate of flow through the tube Q is given by 


h 
= an [, Aaah EBelds TUR es ak {109 ] 


It is again convenient to use the analogy to the flow of a New- 
tonian liquid, this time in a tube, to determine an “apparent 
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viscosity for flow in a tube” 7; as a measure of the over-all re- 
sistance to flow of amaterial. The formula in this case is 


For materials governed by the functions, Equations [74], the 
dimensionless shearing rate S = s7' is a function of r/G; thus ina 
fashion similar to that used in the channel-flow analysis 


This equation differs from Equations [96] only by the factor 2 in 
the denominator of the argument of S, which comes from Equa- 
tions [107] or [108]. In this case it is convenient to introduce 
the variables 


The velocity is, accordingly, given by 


2G 
= — o(H’ LETT Coe One ik 
1 = om Pe) {113] 
where 
Ye td xa 
o'(H’, X') = sax’— f, SE D.CI San 8 {114] 


The volume output integral Equation [109] gives 


oe 16rG>_,  2ah® @’ (115) 
-—s CT == T (H’)3 Ua'@.@l ® 10) (6) ce) 18,10, 
with 
H’ 
= OU) = i (CH EAN) XE Xe rn {116] 


The expression for the apparent viscosity 7, is found by substi- 
tuting the result, Equation [115], into Equation [110], and is 


The dimensionless measure of apparent viscosity 7,/(G7') is a 
function of the parameter H’ as is also the dimensionless measure 
of volume output rate G7'/h? of Equation [115]; therefore, 7:/ 
(GT) is a function of QT /h3. 

Numerical computations have been made for the case n = 
5/4, and the results are presented in Table 3, and Fig. 7. The 
velocity distributions are qualitatively similar to those shown in 
Fig. 5 for the channels. 

The viscosity-tube data in Fig. 8 of a report by James Bailey 
and R. W. Canfield? are tabulated in Table 4, where they are also 
reduced to the form Q7/h3 and 7:/(GT’) by using values of the 
constants G and 7, which are consistent with the tensile-test 
data of the author.2. For values of Q7'/h? above about 0.35, 
there is good agreement of these measured apparent viscosities 
with the theoretical values in Fig. 7; the test points of Table 4 
have been entered on the plot, Fig. 7. However, at very low 
rates of flow — Q7’/h3 less than 0.3—the measured viscosities are 
somewhat higher than the theoretical values. This discrepancy 

®“Report Covering Tests of Viscosity Tubes and Side Entrance 


Nozzle Made June 19, 20, and 21, 1944;’’ report prepared for Plax 
Corporation by James Bailey and R. W. Canfield. 
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TABLE 3 APPARENT VISCOSITY FOR FLOW IN TUBES 


gr ant 
H’ hi GT 
0.0 0.0 1.000 
0.25 0.201 0.977 
0.5 0.443 0.886 
0.75 0.767 0.768 
1.0 1.31 0.601 
1.25 2.35 0.418 
1.5 4.44 0.265 
1.75 8.05 0.171 
2.0 13.8 0.114 
>2 0.88 X H*4 0.90 + H# 
TABLE 4 VISCOSITY TUBE DATA OF FIG. 84 
Ex h, Q nts QT Hui 
On in. in.3/sec poises hs GT 


Temp. = 437 — 440 F; G = 4 psi 
T = 0.3 sec; GT = 83000 poises 


i} 5/8 0.082 350000 0.10 4.21 
2 5/8 0.094 345000 0.12 4.15 
3 5/8 0.250 258000 0.31 3.11 
11 3/8 0.060 82000 0.34 0.99 
4 5/8 0.448 86000 0.55 1.04 
7 1/4 0.040 70000 0.77 0.84 
12 3/8 0.394 29000 2.25 0.35 
8 1/4 0.162 35000 3.11 0.42 
9 1/4 0.325 20500 6.25 0.25 
Temp. = 345 — 350 F; G = 20 psi 
T = 0.3 sec; GT = 415000 poises 
5 5/8 0.185 500000 0.23 1.20 
13 3/8 0.042 655000 0.24 1.58 
6 5/8 0.325 315000 0.40 0.76 
10 1/4 0.034 325000 0.65 0.77 
14 3/8 0.126 235000 0.72 0.57 


FOR (QT/h?) > 10 
%,/GT~ O81(QTAP) 4 


0 fe 4 6 8 10 12 
(FLOW RATE Q) x T/h” 


Fic. 7 7c/GT Versus QT /h3 ror TusEs 


may be attributed to the factor (1 — a;~”) of the relaxation 
functions in Equations [74], which, as remarked before, affect 
the apparent viscosity at low flow rates. This factor has not 
been substantiated by the previous tests? for the reasons“dis- 
cussed at the beginning of Section 5. 
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Discussion 


James Barney.” On the subject matter of this paper the 
writer will confine his remarks to reasons why his company felt 
that a mathematical investigation of the flow of commercially 
used plastics was necessary. 


10 Vice-President and Research Director, Plax Corporation, Hart- 
ford, Conn. 
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Preliminary experiments consisted of measuring the pres- 
sure drop through dies, tubes, screen packs, and various com- 
mercial apparatus, together with temperature and volume of 
material per unit of time. These data were analyzed mathe- 
matically, using the laws of pure viscous flow, and it was found 
that the computed viscosity varied over a very wide range. 

These experiments were followed by experiments using es- 
pecially large viscosity tubes having inside bores of 1/2, 8/4, and 1 
in., and a length of 14in. The tubes were equipped with a back- 
pressure valve at the outlet and four pressure gages arranged 
along their length. The computed viscosity was found to vary 
over a range of 17 to 1, when the output varied from a few pounds 
per hour to 60 Ib per hr at the same temperature. Over-all back 
pressure had no practical effect. 

In other experiments, frictional effects, heating effects due to 
the internal work necessary to maintain the flow, and a relaxa- 
tion effect at the exit of dies were noted. Tests using a rapid 
stretching apparatus at controlled temperature showed similar 
behavior. 

All of these effects presented so complicated a picture that it 
was felt correlation would be possible only by a mathematical 
procedure. 
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AvutTHOoR’s CLOSURE 


To supplement Mr. Bailey’s remarks on the origin of the 
studies reported in the paper the writer can add a few remarks on 
applications and future developments. 

In the continuous blowing up of extruded thin-walled poly- 
ethylene tubing with internal pressure, a characteristic configura- 
tion of tube diameter often occurs wherein the tube diameter first 
decreases, and finally increases as it is drawn away from the die. 
This behavior is qualitatively inexplicable in terms of simple vis- 
cous flow theory, but is predicted according to the proposed flow 
theory. 

Charts of pressure drop in channels and tubes of various sizes 
for varying flow rates and temperatures of several materials 
have been prepared on the basis of the results of section 5 of the 
paper, and are useful in design of equipment. Studies are also 
planned on the pressure-development characteristic in the 
melting section of extruder screws by use of the theory. 

Further experimental and theoretical work is expected to 
improve the quantitative representation of the properties of spe- 
cific materials, particularly with respect to variations with tem- 
perature and flow rate; work with molecular representations ap- 
pears promising in this respect. 
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Extrapolation of Static Tests to Predict 


Operation of Jet Engines in Flight 


By C. A. MEYER,! SOUTH PHILADELPHIA, PA. 


The purpose of this paper is to present a method which 
enables a prediction of flight performance of a jet engine 
from data obtainable in the test cell. The range of flight 
performance obtained by the method is of course limited 
by the operating range covered in the static tests. The 
method is also useful in comparing static tests with flight 
or wind-tunnel data. A curve is also presented which is 
generally useful in the solution of many flow problems. 


NOMENCLATURE 


The following nomenclature is used in this paper: 


A = exhaust-nozzle area 
a = acoustic velocity 
c = gas velocity 
Cy, Cy = specific heats, and constant pressure and volume 
D = diameter 
F, F,, = thrust, net thrust 
g = acceleration due to gravity 
J = mechanical equivalent of heat 778.26 ft-lb/Btu 
k = ratio of specific heats (c,/c,) 
n = rotational speed 
Ds, DP, = Static and total pressures 
po = standard sea-level pressure 
R = gas constant 
T,, T, = static and total absolute temperatures 
To = standard sea-level temperature 
V = air speed 
W.,W; = weight rate of air, and fuel flow 
dam, 52 = relative absolute pressures, Pam/Po, Pt2/Po 
Oam, 512 = relative absolute temperatures, Tam/T7'o, T/T 
1, 2 = subscripts referring to stations 
am = subscript for ambient 


INTRODUCTION 


Since the advent of jet propulsion, flight-performance figures 
of jet engines have been required by airframe builders in order 
that they could make suitable estimates of performance of pro- 
posed airplanes. This need for information was first met by the 
engine builders by supplying calculated estimates. These calcu- 
lated estimates of engine performance were obtained by the fol- 
lowing: 

1 Testing or estimating the performance of the component 
parts of the engine, such as the compressor, burner, turbine, and 
exhaust nozzle. 

2 Combining by means of calculations the performance of 
the components to obtain the over-all performance of the jet 
engine for various flight speeds, altitudes, rotational speeds, and 


1 Thermodynamics Section Engineer, Aviation Gas Turbine Divi- 
sion, Westinghouse Electric Corporation. Jun. ASME. 

Contributed by the Oil and Gas Power and Aviation Divisions and 
presented at the Annual Meeting, New York, N. Y., November 26— 
29, 1945, of Tum American Society or MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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exhaust-nozzle sizes. Later, when jet engines actually were being 
tested, it became possible to obtain a better estimate of flight 
performance based on test-cell data rather than by combining the 
estimated or tested performance of the components. 

This paper describes a method of carrying out such an estimate. 

The curve, Fig. 1, which in this paper is used to carry out the 
calculations, will be found to be generally useful in the solution of 
various flow problems. 


JetT-Motror PERFORMANCE 


The static performance of any given jet engine can be repre- 
sented by the following relations: 


Ti 
A function of “) ( A and A-2.0: fii eee (1] 
G2, V O13 
F 
A function of =) Ss) ADGA =! Osis tats e sear [2] 
da/, O12 
Wav 602 n 
iA Conotion on a ( | and Av Ons Gt [3] 
12 3 V 61 
/ W, ) ( n ) 
A function of = ==) andoAs—1 OF ae ie eae ee [4] 
(Ae ’ V 61 
Ps n 
A function of {| — == and SAA) see eee 5 
ei ‘an q 


The proof of the foregoing relations can be found by means of 
dimensional analysis of the jet engine. 

As an example, the Relation [3] is developed in Appendix 1. 

The Relations [1] through [5] give, respectively, the corrected 
top temperature, the thrust, the air flow, the fuel flow, and the 
exhaust-nozzle pressure ratio, in terms of the corrected rotational 
speed, and the exhaust-nozzle area taken as independent varia- 
bles. It should be noticed that the various quantities given in 
the Relations [1] through [5] are corrected to the conditions 
(total pressure and total temperature) at inlet to the compressor. 
In this way the performance is given independent of the inlet- 
duct losses. Where the inlet-duct losses are negligible, this is the 
same as correcting the quantities to the ambient static pressure 
and temperature, since in this case the total pressure and tem- 
perature at the compressor inlet are respectively equal to the 
ambient static temperature and pressure. 

Where it is desired to present the engine performance, including 
an inlet duct having finite losses, the quantities should be cor- 
rected to the ambient conditions. 

Another very useful method of presenting jet-engine perform- 
ance is to consider the engine to be a “‘hot-gas generator.”” This 
method simply presents the performance of the engine exclusive 
of inlet ducting and exhaust nozzle. 

The combination of compressor, burner, and turbine is assumed 
to generate or supply a quantity of hot gases at a pressure above 
atmospheric. In the normal jet engine the hot gases are ex- 
panded in a nozzle to produce thrust. 
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Fig. 1 Fiow or Arr 1n Nozzues 


If we analyze only the combination of compressor, burner, and of a Jet engine. Once this performance is determined, it can be 


turbine, we find we can present the performance as follows: combined with the characteristics of the inlet ducting and those of 
the exhaust nozzle to give the over-all performance of the engine. 
iB thy n 
A function of is (e ( ir -) = UR eieians es cro [6] Tue ExrraroLtatTion MrerTHop 
t2 2 O42 
‘ i Let us assume we are testing a given jet engine, and during the 
Ths Ts i test we arrange by means of an evacuating device to reduce the 
A function of G 4) ( R ) ( a =0.0. .qtetmen arian: [7] back pressure (P.7) below atmosphere, and at the same time we 
t2 12 


reduce the exhaust-nozzle area so as to maintain the same condi- 


— tions after the turbine (at point 5). The jet engine would now be 
PRRs asa (ties) @ Ge )=0 Ws ae ae aeeen [8] operating under conditions which are similar to those in flight, 
t2/, 12 


because the total pressure at the compressor inlet will be greater 
than the static pressure at the outlet of the exhaust nozzle. 
W; ) Ts n ) 5% (9) Furthermore, since the conditions at the exit of the turbine were 
V 612 52), \ o2/, V 612 maintained constant, (pi5/p2) = const, the internal performance 
of the jet engine would be unchanged by the reduction of back 
These relations give the generated pressure, the generated gas pressure and nozzle size. 

temperature, the air flow, and the fuel flow in terms of the We can now foresee that without performing the foregoing ex- 
top temperature and the rotational speed. All values are corrected periment, it is possible to predict a flight operating condition 
to the compressor-inlet total pressure and temperature. The from the static-test data. The flight condition so calculated 

Relations [6] through [9] represent the “internal performance’? would correspond to a case with a reduced exhaust-nozzle size. 
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A function of ( 
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The method of carrying out such an extrapolation from a static 
test is summarized in the following: 


Let us assume that we have corrected data taken from a single 
static test and represented by the quantities 


(2) feat (-) Du W, Baer, 
bi) 7; 512 T; V 610 7, \ 98) 7, 5aV Brn pd NE) ae T 


The subscript 7’ represents the tested data while H represents 
extrapolated values. 


(a) Calculate the corrected jet velocity from the thrust and 


air flow 
(FH), - (2) (EX) 


(6) Assume a reduction in back pressure on the engine. The 
ratio of original to assumed back pressure becomes the flight 
(ram) pressure ratio (Pi2/Pam)z of the extrapolated point so that 
this pressure ratio can, if desired, be chosen to correspond to a 
given flight speed. 

(c) Calculate the isentropic temperature ratio corresponding 
to the foregoing assumed flight (ram) pressure ratio 


(2) ae (7) > tn. 
Je am/ # Tam E Bam E 

(d) To find the required reduction in nozzle area to maintain 
fixed conditions at point 5, we make use of curve 1, which is ex- 
plained in Appendix 2. It should be noted that since curve 1 is 


a general working curve, its nomenclature differs from the re- 
mainder of the paper. Enter curve 1 with 


Fi = (F) 
Pr Ps] 7 


and at an assumed exhaust-nozzle efficiency pick off the dimen- 


sion] ess area 
(wo) if 6: 109) 


Also pick off the dimensionless velocity 
W.V W ,a0 
g g 


(e) Enter curve 1 again with 


2) 

Pr Pus) 7 Pam/ 5 
and again pick off the dimensionless area and velocity at the 
assumed nozzle efficiency. 

(f) The ratios of the dimensionless areas and velocities ob- 
tained in (d) and (e) give the required reduction in exhaust-nozzle 
area, and increase in jet velocity. By multiplication, we thus 
obtain A, and (C1/V 010) 2 which are, respectively, the exhaust- 
nozzle area, and the corrected jet velocity for the extrapolated 
point, 

(g) Calculate the flight speed, corrected to atmospheric con- 
ditions, from the flight (ram) pressure ratio assumed under (6) 


V Pe i -— il | 
= Dam elf k aa il 
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(h) Calculate the rotational speed corrected to atmospheric 
conditions for the extrapolated point using the ram temperature 
ratio under (c) 


Galea iG) 


(¢) Calculate the extrapolated net thrust, corrected to"atmos- 
pheric conditions from the ram pressure ratio, the air flow, and the 
jet and flight velocities 


Geen Cn 


( ) |Aam | 
V 6am BE O12 
() Calculate the corrected air flow 
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(k) Calculate the corrected top temperature 


Bealls 
Oam/ 7 612) 7 \Oam/ B 


Other quantities, such as corrected specific fuel consumption, 
can be determined easily from the extrapolated quantities found 
in the foregoing equations. 

In summary, the foregoing calculations have given us the net 
thrust, fuel flow, rotational speed, top temperature, jet velocity, 
and air flow, corresponding to a given corrected flight speed. 
All quantities are corrected to the atmospheric conditions before 
the engine. 


Discussion 


As a practical application of the method, consider a case in 
which static tests have been run for various exhaust-nozzle 
openings. The results of these tests can be extended to flight 
conditions by extrapolating to smaller exhaust-nozzle areas. 

If we are interested in performance data for only one value of 
exhaust-nozzle area, static tests can be run with various exhaust- 
nozzle passages which are larger (even diffusing) in size. The 
results can then be extended to flight conditions by extrapolating 
to the desired exhaust-nozzle size. 

It is also possible to extrapolate in the reverse direction, in 
order to obtain performance with duct losses. Should it be 
necessary to extend the range to excessively high duct losses or to 
represent a case where the boundary layer is removed from the 
wings and fed into the inlet duct (greatly reducing the effective 
ram), an actual duct exhibiting such characteristic could be used, 
or even a simulated inlet duct in the form of a fine-mesh screen 
could be placed across the inlet. 

Fig. 2 shows the flight range covered by the method. This 
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curve assumes that the static tests are run under standard sea- 
level conditions. As illustrated by this curve, performance can 
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be obtained only up to 17,000 ft altitude for 600 mph with maxi- 
mum allowable rotational speed and top temperature. Above 
this altitude the method will give performance only at reduced 
rotational speeds and top temperatures. 

However, if the static tests are run on a day having a tempera- 
ture less than the standard sea-level value, the limiting altitude 
will be increased accordingly. Likewise, it is possible to have the 
jet engine suck its air through a cooling turbine and in that way 
reduce the inlet-air temperature considerably below atmospheric. 
Naturally, this will extend accordingly the range of flight opera- 
tion obtained; for here we are, in effect, extrapolating from a test 
condition corresponding to static altitude rather than static sea 
level. 

It should be noted that the following liberties were taken in this 
extrapolation method: 


1 Neglect of Reynolds-number effects. 

2 Neglect of the effect caused by change in the properties of 
the fluid such as specific heat, gas constant, etc. 

3 An exhaust-nozzle efficiency was assumed for the added 
expansion required by the method. 


Appendix 1 


DEVELOPMENT OF Equation [3] 


The air mass flow W,/g through any one of several geometri- 
cally similar jet engines depends upon the engine rotational speed 
n, the size of the engine represented by any convenient refer- 
ence length D, the adjustable exhaust-nozzle area A, the com- 
pressor-inlet total pressure Py, the compressor-inlet total tem- 
perature 72, and the properties of the working fluid (in this case 
air) R and c,. 

A function of 


W 
(= nDAP a alt) =) 
g 


We have in this analysis neglected to include the fluid viscosity 
or thermal conductivity. Thus, knowingly, we are neglecting 
Reynolds-number and Prandtl-number effects on the perform- 
ance. These effects can be included later when sufficiently accu- 
rate test data are available. 

By the methods of dimensional analysis, the foregoing relation 
can be reduced to a new relation between fewer dimensionless 
variables, for instance, a function of 


(F<) 2) A idee 
PrAg Ate D? Cp ‘ 

We have in writing the foregoing relations assumed that the 
working fluid is a perfect gas with an acoustic velocity 


a2 = VJ gkRT 2 


Rather than use the dimensionless quantities in this relation 
in plotting engine performance, it has been found more conven- 
ient, although somewhat less general, to use the relation 
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This latter relation is restricted to use for a given-size engine, 
(D = const), and neglects variations of k and C’, of the working 
fluid. The inlet temperature and pressure are also given as ratios 
(@, and 62) to the standard sea-level total pressure and tempera- 
ture, respectively. 

The quantities appearing in the foregoing relation have dimen- 
sions and, therefore, are called “corrected values.” They repre- 
sent the tested values under standard sea-level conditions (for 
the case without inlet-duct losses), and give more reasonable 
numerical values for plotting test curves. Others have used, for 


instance, the quantity n/ “/ T for corrected speed. The numerical 
values of this quantity for 16,000 rpm and 520 deg R would be 
222 rpm/ V/ deg. The inconvenience is apparent. 

Relation [3] simply states that the air flow for a given corrected 
speed and exhaust-nozzle area is proportional to the compressor- 
inlet total pressure (~ 62) and inversely proportional to the 


square root of the compressor-inlet total temperature (~ \/ 61). 612). 
The other relations appearing in the paper can easily be de- 
veloped in a manner similar to the development of Equation [3]. 


Appendix 2 


Fig. 1 is a working curve which is intended for use in the solu- 
tion of many flow problems. 

Often we are given a problem involving a flow through a 
channel or nozzle in which an area, a total temperature, and a 
velocity are given at one station, and we are required to find an 
area, temperature, or velocity at another station. 

Fig. 1 has been constructed in such a way that areas, velocities, 
pressures, Mach numbers, and temperatures along the channel 
are given as dimensionless quantities in terms of inlet total pres- 
sure and temperature or inlet acoustic velocity. All curves are 
based upon the properties of air as given by Keenan and Kaye 
and are drawn for 2000 deg R and 500 deg R inlet temperature. 

For other inlet temperatures, we interpolate between the 
curves. 

The curve shows the variation of temperature, Mach number, 
momentum, area, and pressure X area, with the static Pressure, 
all given as dimensionless quantities. 

Thus for fixed total conditions, the ratios of the dimensionless 
velocities at two stations along the nozzle are also the ratio of 
the velocities. Similarly, the ratios of the dimensionless areas are 
also the area ratio. 

In the problem used in the extrapolation method of this paper 
we are assuming an extension of the exhaust nozzle with a corre- 
sponding reduction in back pressure so as to leave the conditions 
before the nozzle unaffected. We need only enter the curve with 
(P,/P) (Pi2/Pis)p and select a dimensionless velocity and 
area. For, say, a 10 per cent lower back pressure, we need only 
read the curve again with a value of P,/Pw, which is 10 per cent 
lower than the original value. The ratios of dimensionless areas 
and velocities then give, respectively, the required area reduction, 
and velocity increase. 

The thrust force on the channel is also easily caloulatedie as 
shown on the curve. 


